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PALAVRAS-CHAVE: Malária, Anopheles gambiae, Plasmodium sp., Plasmodium 
vivax, antigénio Duffy, resistência a antimaláricos, hospedeiro humano. 
 
Apesar dos esforços desenvolvidos nas últimas décadas, a malária continua a ser 
um dos maiores problemas de saúde pública no mundo, sendo a principal causa de 
morbilidade e mortalidade principalmente na África Subsaariana.  
Fazer uma análise global, que integre todos os intervenientes deste sistema 
complexo, que engloba três entidades biológicas, fatores socioeconómicos e ambientais, 
não é fácil, mas pensamos ser um ponto fulcral para um maior conhecimento sobre esta 
doença. Neste estudo, utilizando um conjunto completo de amostras – sangue periférico 
e mosquitos – pretendeu-se analisar este complexo sistema de forma abrangente. 
Deste modo, este trabalho teve como principais objetivos: 1) Caraterizar as 
populações parasitárias circulantes nos dois hospedeiros – humano e mosquito vetor - 
através da identificação das espécies de Plasmodium presentes; marcadores moleculares 
de diversidade (Pfmsp2) e marcadores moleculares associados a resistência a fármacos 
(mutações pontuais nos genes Pfdhps, Pfdhfr, Pfcrt e Pfmdr1); 2) Analisar as pressões 
seletivas atuantes sobre os genes associados a resistência a fármacos e 3) Analisar a 
diversidade de genes do mosquito vetor - AgTG1 e AgTG2 - tentando relacioná-los com 
a presença/ausência de infeção. 
As amostras biológicas utilizadas para este trabalho foram recolhidas em três 
países diferentes: na Guiné Equatorial continental foram colhidas amostras de sangue e 
mosquitos adultos em duas localidades, Miyobo e Ngonamanga. Em Angola obtiveram-
se as amostras de sangue em quatro localidades diferentes (Gabela, Porto Amboim, 
Kissala – Sumbe e Praia – Sumbe) e foram ainda usados neste estudo mosquitos adultos 
provenientes de Antula, Guiné-Bissau. 
Em relação ao primeiro e segundo objetivos deste trabalho, foi possível constatar 
a presença das quatro espécies de Plasmodium em ambos os hospedeiros, com 
prevalências superiores às reportadas oficialmente, incluindo P. vivax, espécie que ainda 
não tinha sido detetada na Guiné Equatorial continental. Detetou-se igualmente 
indivíduos Duffy negativos infetados com duas estirpes diferentes de Plasmodium vivax 
(P. vivax clássico e o P. vivax VK247). Relativamente às mutações pontuais associadas 
à resistência aos antimaláricos, constatou-se que de um modo geral estas ocorriam em 
elevada prevalência. Verificou-se igualmente que a resistência à pirimetamina encontra-
se bem estabelecida neste país, enquanto a resistência à sulfadoxina terá tido uma 
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introdução mais recente. Relativamente ao terceiro e último objetivo deste trabalho, 
constatou-se que os dois genes estudados - AgTG1 e AgTG2- apresentam fortes sinais de 
seleção positiva, podendo estar envolvidos no reconhecimento de organismos 
patogénicos, e por conseguinte envolvidos numa resposta contra a infeção. 
Por fim, este trabalho permitiu concluir que na Guiné Equatorial continental 
existem as quatro espécies de Plasmodium, incluindo a espécie P. vivax que até à data 
não estava descrita no país. Foi encontrada uma elevada prevalência de mutações 
associadas à resistência à sulfadoxina-pirimetamina, pelo que se recomenda uma 
contínua monitorização destas mutações. Por fim constatou-se que os genes AgTG1 e 
AgTG2 apresentam fortes sinais de seleção positiva, podendo estar envolvidos na 
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Despite all efforts made over the past decades, malaria remains a major public 
health problem in the world, affecting mainly the Sub-Saharan Africa.  
A comprehensive analysis that integrates all factors in this complex system, 
which consists of three biological entities, socio-economic and environmental factors, is 
not easy, but it is crucial for a better understanding of this disease. In this study, using a 
complete set of peripheral blood samples and mosquitoes, we intended to analyse this 
complex system. 
 So, the main objectives of this study were to: 1) Characterise the circulating 
parasite populations in the two hosts – human and mosquito vector -  through the 
identification of Plasmodium species; molecular marker diversity (Pfmsp2) and drug 
resistance-associated markers (mutations in the genes Pfdhps , Pfdhfr , Pfcrt and 
Pfmdr1; 2) analyse the selective pressures acting on genes associated with drug 
resistance and 3 ) analyse the diversity of genes in the mosquito vector - AgTG1 and 
AgTG2 - trying to relate them to the presence / absence of infection. 
The biological samples used in this study were collected in three different 
countries: blood samples were collected in mainland Equatorial Guinea (in two villages: 
Miyobo and Ngonamanga) and in Angola (in four different villages: Gabela, Porto 
Amboim, Kissala - Sumbe and Praia - Sumbe); mosquitoes were collected, also, in the 
two villages of Equatorial Guinea and in Antula, Guinea Bissau. 
Regarding the first and second objectives of this study, it was possible to detect 
the presence of the four Plasmodium species in both hosts, with prevalence higher than 
officially reported, including Plasmodium vivax, a species that had not been previously 
described in this country. Duffy negative individuals infected with two different strains 
of P. vivax (VK247 and classic strains) were also found.  
Concerning the molecular markers associated to drug resistance, high prevalence 
was found. Results also demonstrated that pyrimethamine resistance has been 
established for a while in mainland Equatorial Guinea as shown by several selection 
signatures in the parasite genome, while sulphadoxine had a more recent introduction in 
this country.   
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Finally and regarding the third and final objective of this study, it was found that 
the both genes studied - AgTG1 AgTG2 - showed strong signs of positive selection. 
 This study revealed that the four Plasmodium species are present in mainland 
Equatorial Guinea, including P. vivax, specie that had not been described yet in this 
country. High prevalence of mutation in genes associated with resistance to the 
sulphadoxine-pyrimethamine combination were found, so it is recommended a close 
and continuous monitoring of these mutations frequency, since there is the danger of an 
eventual reduction in the efficacy of combined therapy. Finally it was found that the 
AgTG1 and AgTG2 genes show strong positive selection signals, which may be 
involved in recognition and immune response triggered by the mosquito against the 





A.     Anopheles 
ACT     Artemisinin-based Combination Therapies 
AgTG1    Transglutaminase 1 of Anopheles gambiae 
AgTG2    Transglutaminase 2 of Anopheles gambiae  
AMPs     Antimicrobial peptides  
AS    Artesunate 
AS/AQ    Artesunate/Amodiaquine 
BIMCP    Bioko Island Malaria Control Project  
Ca2+    Calcium ion 
CEC1    Cecropin 1 
CLIPs     Clip-domain serine proteases  
CQ    Chloroquine 
CSP     Circumsporozoite Protein 
CTLs     C-type lectins  
DARC    Duffy antigen / receptor for chemokines 
DDT     Dichloro Dipehnyl Trichlroethane 
DEF1    Defensin 1 
G6PD     Glucose-6-Phophate Dehydrogenase 
GAM     Gambicin 
Glurp    Glutamate-rich Protein 
GNBPs    Gram-Negative Bacteria-binding Proteins  
GTP     Guanosine TriPhosphate 
HbS    Haemoglobin S 
He    Heterozygosity  
Imd     Immune Deficiency pathway 
IPT    Intermittent preventive treatment 
IRS     Indoor Residual Spraying  
ITNs     Insecticide-Treated Nets  
LLINs    Long-Lasting Insecticidal Nets  
LRIMs    Leucine-Rich Immune Proteins 
MAGs    Male Accessory Glands 
MOI     Multiplicity of Infections 
MSP-1    Merozoite Surface Protein 1  
MSP-2    Merozoite Surface Protein 2  
MSP-3   Merozoite Surface Protein 3 alpha 
NF-kB    Nuclear Factor kB 
P.     Plasmodium 
PAMPs    Pathogen-Associated Molecular patterns  
PCR    Polymerase Chain Reaction 
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Pfcrt  Plasmodium falciparum chloroquine resistance transporter 
gene 
Pfdhfr    Plasmodium falciparum dihydrofolate reductase  
Pfdhps    Plasmodium falciparum dihydropteroate synthase  
Pfmdr1   Plasmodium falciparum multidrug resistance 1 gene 
PGRPs    Peptidoglycan Recognition Proteins  
PK    Pyruvate Kinase  
PO     Phenoloxidase 
PPO    Prophenoloxidase 
PRR     Pattern Recognition Receptor  
PYR    Pyrimethamine 
RBC     Red Blood Cell 
RDT    Rapid Diagnostic Test 
RT-PCR   Real-Time PCR 
s.l.    sensu lato 
s.s.    sensu stricto  
SCRs     Scavenger Receptors 
SFX    Sulphadoxine 
SP     Sulphadoxine-Pyrimethamine   
SRPNs    Serpins 
STAT     Signal Transducers and Activators of Transcription 
STR    Short Tandem Repeat 
TEPs     Thioester-containing Proteins  
TG    Transglutaminase 




Table of Contents 





Table of Contents ...................................................................................................................... xvii 
List of Figures .......................................................................................................................... xxiii 
List of Tables ............................................................................................................................. xxv 
Chapter 1 – ..................................................................................................................... 27 
General Introduction .................................................................................................... 27 
I.  Malaria .................................................................................................................... 28 
I.1. Geographic distribution of malaria ........................................................................ 28 
I.1.1. Equatorial Guinea ............................................................................................................ 29 
I.1.2. Guinea - Bissau ............................................................................................................... 30 
I.1.3. Angola ............................................................................................................................. 31 
I.2. Malaria control: antimalarials and insecticides ..................................................... 32 
I.2.1. Malaria vector control ..................................................................................................... 32 
I.2.1.1. Insecticide resistance .................................................................................................... 33 
I.2.2. Malaria control ................................................................................................................ 34 
I.2.2.1. Intermittent preventive treatment ................................................................................. 34 
I.2.2.2. Diagnosis of malaria ..................................................................................................... 34 
I.2.2.3. Malaria treatment ......................................................................................................... 35 
I.2.2.4. Antimalarial resistance ................................................................................................. 36 
II.  Parasite ................................................................................................................ 37 
II.1. Taxonomic classification ........................................................................................ 37 
II.2. Plasmodium life cycle .............................................................................................. 38 
II.3. Infection dynamics .................................................................................................. 40 
II.3.1. Plasmodium falciparum ................................................................................................. 42 
II.3.2. Plasmodium vivax .......................................................................................................... 43 
II.3.3. Plasmodium malariae ..................................................................................................... 44 
II.3.4. Plasmodium ovale .......................................................................................................... 45 
II.4. Mixed Infections ...................................................................................................... 45 
II.5. Parasite diversity ..................................................................................................... 47 
xviii 
 
II.5.1. Plasmodium falciparum ................................................................................................. 47 
II.5.1.1. Genetic markers – msp2 .............................................................................................. 48 
II.5.1.2. STRs ............................................................................................................................ 49 
II.5.2. Plasmodium vivax .......................................................................................................... 49 
II.5.2.1. Genetic markers – csp ................................................................................................. 50 
III.  Human Host ........................................................................................................ 50 
III.1. Human factors associated with susceptibility / resistance to malaria ............... 50 
III.1.1. Duffy antigen ................................................................................................................ 51 
IV.  Mosquito vector .................................................................................................. 53 
IV.1. Anopheles life cycle ................................................................................................ 54 
IV.2. Malaria vectors ...................................................................................................... 56 
IV.2.1. Anopheles gambiae s.l. ................................................................................................. 56 
IV.2.2. Anopheles funestus ....................................................................................................... 56 
IV.2.3. Anopheles carnevalei .................................................................................................... 57 
IV.2.4. Anopheles moucheti moucheti ..................................................................................... 58 
IV.3. Mosquito immunity ............................................................................................... 58 
IV.3.1. Signal modulation and transduction ............................................................................. 62 
IV.3.2. Effector mechanisms .................................................................................................... 63 
IV.3.2.1. Antimicrobial peptides .............................................................................................. 63 
IV.3.2.2. Melanisation .............................................................................................................. 64 
IV.3.2.3. Phagocytosis .............................................................................................................. 64 
IV.3.3. Coagulation .................................................................................................................. 65 
IV.3.3.1. Transglutaminases ..................................................................................................... 66 
References ...................................................................................................................... 71 
Aims of this thesis .......................................................................................................... 87 
Specific objectives ........................................................................................................... 88 
Chapter 2 – Genetic diversity and signatures of selection of drug resistance in 
Plasmodium populations from both humans and mosquito host in continental 





Sample collection ..................................................................................................................... 92 
DNA extraction and molecular assays ...................................................................................... 93 
xix 
 
Statistical analysis .................................................................................................................... 93 
Results .............................................................................................................................. 94 
Detection and identification of Plasmodium species ................................................................ 94 
Plasmodium falciparum genetic diversity ................................................................................. 94 
Drug resistance associated genes .............................................................................................. 95 
Genetic diversity and linkage disequilibrium ........................................................................... 97 
Pfdhfr and Pfdhps haplotype characterization .......................................................................... 97 
Discussion ......................................................................................................................... 97 
Plasmodium species diversity ................................................................................................... 97 
Plasmodium falciparum genetic diversity ................................................................................. 97 
Anti-malarial resistance evolution .......................................................................................... 100 
Conclusions .................................................................................................................... 101 
Competing interests ...................................................................................................... 102 
Author Contributions ................................................................................................... 102 
Acknowledgments ......................................................................................................... 102 
Author details ................................................................................................................ 102 
References ...................................................................................................................... 102 
Additional file 1 ............................................................................................................. 104 
Additional file 2 ............................................................................................................. 105 
Additional file 3 ............................................................................................................. 106 
Additional file 4 ............................................................................................................. 108 
Additional file 5 ............................................................................................................. 109 
Chapter 3- Duffy negative antigen is no longer a barrier to Plasmodium vivax – 




Methodology / Findings: ........................................................................................................ 113 
Conclusions: ........................................................................................................................... 113 
Introduction ................................................................................................................... 113 
Author Summary .......................................................................................................... 114 
Methods .......................................................................................................................... 114 
Ethics statement ...................................................................................................................... 114 
Sampling ................................................................................................................................. 114 
Sample collection and DNA extraction .................................................................................. 115 
xx 
 
Detection and identification of Plasmodium species .............................................................. 115 
Genotyping of Pvcsp genes .................................................................................................... 115 
Genotyping of Duffy blood group .......................................................................................... 115 
Results ............................................................................................................................ 116 
Detection and identification of Plasmodium species .............................................................. 116 
Genotyping of Pvcsp genes .................................................................................................... 116 
Genotyping of Duffy blood group .......................................................................................... 116 
Discussion ....................................................................................................................... 116 
Supporting Information ............................................................................................... 117 
Acknowledgments ......................................................................................................... 117 
Author Contributions ................................................................................................... 117 
References ...................................................................................................................... 117 
Chapter 4 - Molecular evidence of positive selection in the transglutaminases genes 
in Anopheles gambiae .................................................................................................. 119 






Mosquito sampling ................................................................................................................. 123 
DNA extraction and species identification ............................................................................. 124 
Transglutaminase sequencing ................................................................................................. 125 
Data analysis ........................................................................................................................... 125 
Protein diversity ...................................................................................................................... 126 
Results ............................................................................................................................ 126 
Polymorphism and diversity ................................................................................................... 127 
Population differentiation and Phylogeny .............................................................................. 131 
Selection tests ......................................................................................................................... 133 
Protein analysis ....................................................................................................................... 136 
Discussion ....................................................................................................................... 138 
Authors' contributions .................................................................................................. 142 
Acknowledgements ........................................................................................................ 142 
References ...................................................................................................................... 142 
Additional file 1-table S1 .............................................................................................. 148 
xxi 
 
Additional file 2-table S2 .............................................................................................. 149 
Additional file 3-table S3 .............................................................................................. 150 
Additional file 4-table S4 .............................................................................................. 151 
Chapter 5 – General Discussion and Conclusions .................................................... 153 



























List of Figures 
 
Chapter 1 – Introduction 
Figure 1 – Trends in malaria incidence, 2000 - 2012..…………………………….. .29 
Figure 2 – Plasmodium life cycle ……………………………………………………..39 
Figure 3 – The global distribution of 34 dominant vector species and / or species 
complexes ……………………………………………………………………………...54 
Figure 4 – The life-cycle of Anopheles ………………………………………………..55 
Figure 5 – Parasite numbers during critical steps of transformation of gametes to 
ookinetes, to oocysts, and through the migration of sporozoites from the midgut 
epithelium to salivary glands …………………………………………………………..59 
Figure 6 – Schematic representation of the mechanisms of defence in A. gambiae 
against Plasmodium …………………………………………………………………....60 
Figure 7 – Transglutaminase tertiary structure, protein domains, and organization ….67 
 
Chapter 2 - Genetic diversity and signatures of selection of drug resistance in 
Plasmodium populations from both human and mosquito hosts in continental 
Equatorial Guinea  
Figure 1 – Total prevalence of mutations in the eight codons of Pfdhfr and Pfdhps 
genes …………………………………………………………………………………...96 
 
Chapter 3 - Duffy Negative Antigen Is No Longer a Barrier to Plasmodium vivax – 
Molecular Evidences from the African West Coast (Angola and Equatorial 
Guinea) 
Figure 1 – Map of the five collection places in Equatorial Guinea and Angola …….115 
Figure 2 – Multiple sequences alignment of promoter region from the DARC gene, 
allele FY*B, in the GATA box region ……………………………………………….117 
xxiv 
 
Chapter 4 – Molecular evidence of positive selection in transglutaminases of 
Anopheles gambiae 
Figure 1 – Phylogenetic trees for the complete DNA sequence of AgTG1 (A) and 
AgTG2 (B) genes ……………………………………………………………………..132 
Figure 2 – Values of Ka/Ks ratio for the coding region of: A-AgTG1 gene – comparison 
between infected and non-infected mosquitoes; B - AgTG2 gene – comparison between 
infected and non-infected mosquitoes; C - AgTG1 gene – comparison between M- and 
S- forms and D - AgTG2 gene – comparison between M- and S- forms ……………..135 
Figure 3 – Distribution of the different variants of the AgTG1 (A) and AgTG2 (B) 
proteins in the non-infected and infected mosquitoes ………………………………..136 
Figure 4 – Structural model of AgTG1 protein (A) and AgTG2 protein (B). Three-
dimensional (3D) structural localization of mutated amino acids represented in solid 





List of Tables 
 
Chapter 1 – Introduction 
Table 1 – Some of the most important infection characteristics of the five species of 
Plasmodium that infect Human ………………………………………………………..41 
Table 2 – Main characteristics of the nine human TG ………………………………...69 
 
Chapter 2 - Genetic diversity and signatures of selection of drug resistance in 
Plasmodium populations from both human and mosquito hosts in continental 
Equatorial Guinea 
Table 1 – Neutral microsatellite diversity of Plasmodium falciparum populations from 
Ngonamanga and Miyobo in humans and mosquitoes ………………………………...95 
Table 2 – Statistics of the 15 STR loci of Plasmodium falciparum-positive individuals: 
mutants to PYR ………………………………………………………………………...98 
Table 3 – Statistics of the 15 STR loci of Plasmodium falciparum-positive individuals: 
mutants to SFX ………………………………………………………………………...99 
Additional file 1 – Prevalence of Plasmodium infections in humans, in two villages of 
mainland Equatorial Guinea ………………………………………………………….104 
Additional file 2 – Prevalence of Plasmodium infections in mosquitoes, in two villages 
of mainland Equatorial Guinea ……………………………………………………….105 
Additional file 3 – Characterization of mutations in Pfcrt, Pfmdr1, Pfdhps and Pfdhfr 
genes, in humans and mosquitoes …………………………………………………….106 
Additional file 4 – Pfdhfr point mutations and their respective STR haplotypes in allele 
size ……………………………………………………………………………………108 






Chapter 3 - Duffy Negative Antigen Is No Longer a Barrier to Plasmodium vivax – 
Molecular Evidences from the African West Coast (Angola and Equatorial 
Guinea) 
Table 1 – Prevalence of infection in both humans and mosquitoes, in Angola and 
Equatorial Guinea …………………………………………………………………….116 
 
Chapter 4 – Molecular evidence of positive selection in transglutaminases of 
Anopheles gambiae 
Table 1 – Intraspecific polymorphism for A. gambiae AgTG1 and AgTG2 genes …. 128 
Table 2 – Neutrality tests for the two transglutaminases genes AgTG1 and AgTG2 in 
Infected mosquitoes, Non-Infected mosquitoes, A. gambiae M-form and A. gambiae S-
form …………………………………………………………………………………..134 
Additional file 1-table S1 – Sequences and annealing temperatures of primers used to 
amplify the AgTG1 and AgTG2 genes of A. gambiae ⁄⁄⁄⁄⁄⁄⁄⁄⁄⁄⁄⁄..148 
Additional file 2-table S2 – Matrix of pairwise comparisons of Fst for the two 
populations and for the two groups of infection studied ⁄⁄⁄⁄⁄⁄⁄⁄⁄⁄⁄..149 
Additional file 3-table S3 – Hierarchical analysis of molecular variance (AMOVA) 
among the infected and non-infected groups ⁄⁄⁄⁄⁄⁄⁄⁄⁄⁄⁄⁄⁄⁄⁄⁄150 
Additional file 4-table S4 – Hierarchical analysis of molecular variance (AMOVA) 




































The understanding of malaria and its complex life cycle has increased 
enormously in the last years, but despite decades of research and efforts to combat it, 
malaria continues to be one of the main public health problems in the world, affecting 
mainly the poorest areas of the planet. According to the latest World Health 
Organization (WHO) report, this mosquito-borne disease was responsible in 2012 for 
207 million clinical cases, of which approximately 81% were in the African Region, 
resulting in approximately 627 000 deaths, affecting primarily children under five years 
old and pregnant women living in sub-Saharan Africa (WHO, 2013). 
Malaria is caused by a protozoan parasite from the genus Plasmodium, and it is 
known that there are five species that may affect humans – Plasmodium falciparum, 
Plasmodium vivax, Plasmodium malariae, Plasmodium ovale and Plasmodium 
knowlesi. These parasites are transmitted to humans when female mosquitoes of the 
genus Anopheles feed on human blood. There are more than 30 anopheline species that 
transmit malaria to humans (WHO, 2013). 
 
I.1. Geographic distribution of malaria 
During the past decade, multiple organizations – as World Bank, Global Fund, 
Affordable Medicine Facility-malaria, The US President’s Malaria Initiative, Bill & 
Melinda Gates Foundation and others – have concerted efforts to combat malaria all 
over the world (WHO, 2013; Murray et al., 2012). The measures undertaken had great 
impact especially in countries with high malaria transmission and it is estimated that 3.3 
million lives have been saved during this period (WHO, 2013). 
Despite all these efforts, malaria remained endemic in 103 countries, causing 
approximately 207 million clinical cases (range 135–287 million) and 627 000 deaths 
(range 473 000–627 000) in 2012. Figure 1 shows that the most affected areas are the 
tropical and subtropical regions of the world, specially the sub-Saharan Africa, Central 





Figure 1. Trends in malaria incidence, 2000 - 2012 (from 
http://www.who.int/gho/malaria/en/, accessed in March 21st, 2014). 
 
The World Health Assembly and Roll Back Malaria have as main objective to 
achieve a 75% reduction in malaria cases by 2015, when compared to levels in 2000. 
This objective, as well as all the progresses made until now, can be compromised since 
the international funding for malaria control has levelled off due to a reduction in the 
funding sources (WHO, 2013). 
 
I.1.1. Equatorial Guinea 
Equatorial Guinea is located in West Central Africa and has an area of 28 051 
Km2 and according to the most recent reports, the country has a population of about 704 
000 inhabitants (https://www.cia.gov/library/publications/the-world-
factbook/geos/ek.html, accessed in October 16th, 2013). This country is divided in three 
main regions, one continental – Rio Muni - and two islands – Bioko and Annobon. The 
continental area is bordered by Cameroon and Gabon; the island of Bioko is located 32 
Km of Cameroon coast and is where the capital city (Malabo) is situated. The Annobon 




Equatorial Guinea has a tropical climate with distinct wet and dry seasons. The 
continental area presents two dry seasons - from December to March and July to 
September - and two rainy seasons - one stronger from September to November and 
other from March until late June.   
In Equatorial Guinea, malaria remains the major endemic disease and the 
leading cause of child mortality and morbidity, being characterized as hyper- and 
holoendemic (Rehman et al., 2013). It is important to distinguish the insular from the 
continental region regarding epidemiological characteristics of malaria, since control 
measures have been different in different regions of the country. In 2004, the Bioko 
Island Malaria Control Project (BIMCP) was launched, consisting mainly in the indoor 
residual spraying (IRS) programme, and aiming to eliminate malaria infection in the 
island. The prevalence of infection has been significantly reduced (from 42% pre-
intervention, to 18% in 2008) on the insular region (Pardo et al., 2006; Kleinschmidt et 
al., 2009) whilst the prevalence of infection remained above 50% in children under five 
years old in mainland region (Kleinschmidt et al., 2009).  
Four species of Plasmodium – P. falciparum, P. vivax, P. malariae and P. ovale 
– were present in the insular region, however in the mainland, P. vivax was described 
for the first time only quite recently (Mendes et al., 2011). In both regions, P. 
falciparum was the most prevalent species, being responsible for approximately 90% of 
the cases. 
Concerning the mosquito vector, multiple Anopheline species were found in the 
continental region, Anopheles melas and A. gambiae s.s. being considered the main 
vectors (Moreno et al., 2004). In addition to these species, it is still possible to find 
Anopheles moucheti moucheti, Anopheles carnevalei and Anopheles funestus (Molina et 
al., 1993; Cano et al., 2006). 
 
I.1.2. Guinea - Bissau 
Guinea-Bissau is a country located in Western Africa, bordered by the North 
Atlantic Ocean, between Guinea and Senegal. With a total area of 36 125 Km2 and a 
population of 1.628 603 people (https://www.cia.gov/library/publications/the-world-




two distinct seasons: a rainy season (from June to November) and a dry season (from 
December to May).  
In Guinea-Bissau, malaria remains a serious health problem, presenting 
approximately 55 000 clinical cases for year (WHO, 2013), being considered as 
mesoendemic-to-holoendemic with intense and seasonal transmission during the rainy 
season. Plasmodium falciparum is the most prevalent species, responsible for almost 
100% of the cases although there are reports of the presence of P. malariae and P. ovale 
in this country (Arez et al., 2003). Anopheles gambiae s.s. and A. melas are the main 
malaria vectors in the area. 
 
I.1.3. Angola 
Angola, a country with 18.056 072 inhabitants and a total area of 1.246 700 Km2 
(https://www.cia.gov/library/publications/the-world-factbook/geos/ao.html, accessed in 
October 16th, 2013), faces several problems resulting from 27 years of civil war. Angola 
has shown in recent years a high growth rate due to its oil production, however much of 
the country's infrastructure is still damaged or undeveloped, since it is estimated that 
80% of hospitals and health centres have been damaged / destroyed during the war, 
restricting the access to health systems to less than 30% of the population. These 
problems associated with many other factors as the lack of basic sanitation and 
difficulties in access to health centres and hospitals, allowed the spread of many 
diseases, including malaria. 
According to the latest report, the prevalence of malaria has dropped 50% over 
the last five years as a result of control efforts. Nevertheless this disease remains one of 
the major’s public health problems in Angola, being responsible for 91 deaths per 1 000 
live births (President’s Malaria Initiative, 2013). 
Malaria is endemic all over the country, being classified as hyperendemic in the 
north and along the Atlantic coast. In the central and southern areas is classified as 
mesoendemic unstable. There are two transmission peaks, one occurring between 
March and May and the other between October and November. The most prevalent 
species of Plasmodium is P. falciparum, but the other three - P. vivax, P. malariae and 




There are numerous species of mosquitoes responsible for transmitting malaria 
parasites, A. gambiae and A. funestus being considered primary vectors (WHO, 2013). 
 
I.2. Malaria control: antimalarials and insecticides 
Despite the high number of clinical cases and deaths occurring all over the world 
due to malaria, this is a preventable and treatable disease. According to the WHO 
(2013) is essential to act at the level of transmission of the parasite by the mosquito 
vector, but also in the development of illness and severe disease. 
 
I.2.1. Malaria vector control 
Historically, vector control has been an important tool to reduce and even 
eradicate malaria in some parts of the world. Nowadays there are different options 
available to vector control that include chemical, biological, natural plant products, and 
environmental management (Raghavendra et al., 2011). 
For WHO, the interventions with higher impact are insecticide-treated nets 
(ITNs), that include the long-lasting insecticidal nets (LLINs) and the conventional nets 
that are later treated with an insecticide; and IRS. 
The ITNs forms a physical barrier between the infected mosquitoes and man and 
to be effective need to have high coverage rates. Today it is estimated that a total of 88 
countries, including 39 in Africa, distribute ITNs free of charge. In fact, the percentage 
of households owning at least one ITN in sub-Saharan Africa is estimated to have risen 
from 3% in 2000 to 56% in 2012, but declined slightly to 54% in 2013, and the last data 
indicates that approximately 86% of the population with access to an ITN actually uses 
it, suggesting that efforts to encourage ITN use have been successful (WHO, 2013). 
IRS with insecticides continues to be one of the main pillars for malaria control. 
IRS consists in the application of sprayable insecticides in the walls and roofs of the 
houses to kill mosquitoes. This affects the malaria transmission by reducing the life 
span of female mosquitoes, reducing therefore mosquito density (Raghavendra et al., 




malaria control. In the last years, the proportion of at-risk population that was protected 
arise from less than 5% in 2005 to 11% in 2010 but fell to 8% in 2012, with 58 million 
people benefiting from the intervention, only in the African Region (WHO, 2013). 
Another important measure is the larval control of malaria vector Anopheles 
mosquitoes. The principle of chemical larviciding is to eliminate or reduce the vector 
population by killing the larvae. This preventive method has been neglected, in spite of 
some authors thinking that should be taken into account in the new malaria control 
programs (Walker & Lynch, 2007). The WHO recommends larviciding only in settings 
where mosquito breeding sites are few, fixed, findable and easy to identify, map and 
treat (WHO, 2013). 
 
I.2.1.1. Insecticide resistance 
Until the early 19th century, the application of insecticides was the primary 
control tool in the vector control programs (Breman, 2001). Several insecticides have 
been used so far, but in the 20th century, after the discovery of the insecticidal potential 
of dichlorodipehnyltrichlroethane (DDT), a new era of insect control began. DDT was 
the first synthetic organic insecticide used for effective vector control; it was cheap and 
very efficient. However, with the extensive use of this and other insecticides, the 
insecticide resistances start to appear and spread in many Anopheles species 
(Raghavendra et al., 2011). 
Today the insecticide resistance is one of the major problems for vector control 
programs and according the last report, mosquito resistance to at least one insecticide 
used for malaria control has already been identified in 64 countries. The one that rise 
bigger concern is the resistance to pyrethroids, especially in Africa.  
To try to overcome this problem, WHO made a series of recommendations such 
as: 1) Resistance management measures should be part of every vector control program 
and deployed preventively, without waiting for signs of the presence of resistance or of 
control failure; 2) A substantial intensification of resistance monitoring is needed; 3) 
Using the same insecticide for multiple successive IRS cycles is not recommended; 4) 





I.2.2. Malaria control 
To control malaria one should take into account several aspects: first it is needed 
appropriate preventive measures; a good and reliable diagnostic and finally an effective 
treatment. 
 
I.2.2.1. Intermittent preventive treatment 
Intermittent preventive treatment (IPT) is recommended for pregnant women 
and for children less than five years old living in malaria endemic countries. It is 
estimated that a total of 36 of 45 sub-Saharan African countries had adopted IPT as 
national policy by the end of 2011, using sulfadoxine-pyrimethamine (SP) as the drug 
of reference (WHO, 2013). Several studies reported the importance of the use IPTs and 
ITNs during pregnancy, since leads to a reduction in stillbirths, improvements in birth 
weight of babies (since malaria infection during the pregnancy it is one of the main 
causes of low birth weight) and a reduction in the prevalence of parasitaemia and 
anaemia in pregnant women (Gamble et al., 2009; Eisele et al., 2012; Singh et al., 
2013).  
 
I.2.2.2. Diagnosis of malaria 
Current recommendations of effective, yet expensive artemisinin-based 
combination therapies (ACT) for malaria in Sub-Saharan Africa have increased the 
importance of laboratory-confirmed diagnosis. 
In the majority of malaria endemic countries many fever cases are treated 
presumptively with antimalarials without parasitological diagnosis; further, not all 
confirmed malaria cases receive appropriate treatment. It is therefore important the 
implementation of a universal diagnostic test, which allows to obtain reliable results. 
The current reference method for malaria diagnosis is direct optical microscopic 
visualization of parasites on thick and/or thin blood smears (Kyabayinze et al., 2008), 
but unfortunately, this technique is influenced by many aspects as: the experience of the 
laboratory technicians, the quality of the microscopes and the lack of quality control 




(RDTs) for malaria have substantial potential to help solve these questions, especially in 
poor areas (Reyburn et al., 2007), but it must be ensured that RDTs are highly sensitive 
and specific for Plasmodium species detection (Wongsrichanalai et al., 2007). In fact, 
the number of patients tested by microscopic examination increased to a peak of 188 
million in 2012, whereas the number of RDTs supplied by manufacturers increased 
from 88 million in 2010 to 205 million in 2012 (WHO, 2013).  
 
I.2.2.3. Malaria treatment 
The first drug used to fight the high fevers caused by malaria was quinine, a 
medicinal plant isolated from Chinchona tree. In the 20th century, started to appear the 
first organic compounds that intend to substitute the quinine, among them were the 
pamaquine, quinacrine and ultimately chloroquine (CQ) (Thompson et al., 1972). 
Chloroquine quickly became the drug of choice to combat malaria, since it was a 
cheap and effective drug. In 1955, WHO launched a campaign for malaria eradication 
with the wide distribution of CQ together with DDT, which produced some regional 
successes (Wellems & Plowe, 2001). During the late 1950s, the first cases of resistant 
P. falciparum were detected in Colombia and at the Cambodia-Thailand border (Payne 
et al., 1987).  
Later, other antimalarial drugs were developed, such as SP that already presents 
some cases of resistance, particularly in the south-western Asia and South America, but 
still is widely used in Africa mainly for IPT; mefloquine; amodiaquine and more 
recently the ACTs. 
Today and according to the WHO, uncomplicated P. falciparum infection should 
be treated with an ACT and currently there are 5 recommended: artemether plus 
lumefantrine, artesunate plus amodiaquine, artesunate plus mefloquine, artesunate plus 
SP and dihydroartemisinin plus piperaquine. The choice of the ACT should be based on 
the therapeutic efficacy of the combination in the country or area of intended use. For P. 
vivax infections, the guidelines are that it should be treated with chloroquine in areas 
where this drug is effective or with an appropriate ACT (not artesunate plus SP) in areas 
where P. vivax resistance to chloroquine has been documented and should include an 




I.2.2.4. Antimalarial resistance 
Antimalarial drug resistance is a major public health problem which delays the 
malaria control. Today, parasites have already developed resistance to all the drugs 
available for malaria control, somewhere in the world. According to the WHO, 
antimalarial resistance has been defined as the “ability of a parasite strain to survive 
and/or multiply despite the administration and absorption of a drug given in doses equal 
to or higher than those usually recommended but within tolerance of the subject”. This 
definition was later modified to specify that the drug in question must “gain access to 
the parasite or the infected red blood cell for the duration of the time necessary for its 
normal action” (Bloland, 2001). 
 
Chloroquine 
The first cases of P. falciparum resistance were detected in Colombia and at the 
Cambodia-Thailand border during the late 1950s (Payne et al., 1987) and spread 
gradually through South America, Southeast Asia, and India in the 1960s and 1970s. In 
Africa the first resistance reports only appeared in the late 1970s, in Kenya and 
Tanzania (reviewed in Wellems & Plowe, 2001). 
It is thought that CQ efficacy lies in its ability to interrupt haematin, which is 
released in large amounts as the parasite consumes and digests haemoglobin in its 
digestive food vacuole a process of detoxification as malaria parasites grow within their 
host’s red blood cells (RBCs) (Dorn et al., 1998). 
Plasmodium falciparum chloroquine resistance transporter (Pfcrt) is a predicted 
transporter that is localized in the digestive vacuole membrane and may be involved in 
drug efflux and/or pH regulation. Several point mutations in this gene seemed to be 
associated with the CQ resistance, being the N75E, K76T the most frequent in Africa 
and considered as the best markers (Wellems & Plowe, 2001; Le Bras et al., 2003; Bray 
et al., 2005). 
Polymorphisms N86Y and D1246Y in the P. falciparum multidrug resistance 
1(Pfmdr1) gene, that encodes for the Pgh-1 P-glycoprotein, seems to be also associated 





After the appearance of the CQ resistance, the antifolate combination of SP has 
increasingly become the drug of choice for the treatment of uncomplicated P. 
falciparum malaria. However, SP resistance has developed quickly and the first report 
of resistance of P. falciparum to pyrimethamine was in the north-east Tanzania in 1954 
(Clyde, 1954). Despite the resistance reports this drug still have some efficacy in some 
countries of Africa and is used in the IPT. 
The major cause of resistance to antifolate drugs are point mutations in P. 
falciparum dihydrofolate reductase (Pfdhfr) and P. falciparum dihydropteroate 
synthase (Pfdhps) genes that rapidly diminished their clinical effectiveness. The Pfdhfr 
is a key enzyme in the redox cycle for production of tetrahydrofolate, and the Pfdhps is 
an enzyme involved in the biosynthesis of folate (Cowman et al., 1988; Brooks et al., 
1994).  
Several studies showed that there are four main point mutations in the Pfdhfr 
gene that are associated to resistance to pyrimethamine (N51I, C59R, S108N and 
I164L) (Basco et al., 1995a; Curtis et al., 1996). The S108N mutant exhibits a low level 
of resistance, the N51I/S108N or the C59R/S108N double mutants, intermediate levels 
of resistance, and the N51I/C59R/S108N triple mutant has a higher level of resistance to 
this drug. Similarly, resistance to sulfadoxine is due to four mutations in the Pfdhps 
(S436F, A437G, K540E, A581G) (Brooks et al., 1994). Each successive mutation 
causes a decrease in the susceptibility to these drugs. In fact, the association between 
the mutations in the two genes, originating the quintuple mutant (Pfdhfr: N51I, C59R, 
S108N and Pfdhps: A437G, K540E) is associated with the clinical failure of the SP 
(Kublin et al., 2002; Talisuna et al., 2004). 
 
II. Parasite 
II.1. Taxonomic classification 
The human malaria parasites are classified as belonging to the Eukaryota 




an apical intracellular complex (visible with electronic microscope) and by not having 
cilia or flagella, except for microgametes (Ayala et al., 1998). They belong to the 
Hematozoa class (characterized by organisms that parasitise erythrocytes); to the 
Haemosporida order (that present a mobile zygote – ookinete) and to the Plasmodiidae 
family (with two different types of multiplication in their life cycle: sexual and asexual 
phases). This parasite belongs to Plasmodium genus (characterised by having an asexual 
phase in cells other than erythrocytes - hepatocytes) (Knell, 1991; Ayala et al., 1998) 
and to Plasmodium and Laverania sub-genus. Finally, they are classified in the 
following species: P. falciparum, P. vivax, P. malariae, P. ovale and P. knowlesi 
(Antinori et al., 2012).  
All species of human malaria parasites present a similar and complex life-cycle 
requiring two different hosts - the human and the female Anopheles mosquito - and 
showing three types of genomes: a) a nuclear genome with 14 linear chromosomes; b) a 
linear mitochondrial genome and finally c) a 35kb circular plastid genome that is 
housed in the apicoplast (Antinori et al., 2012).  
 
II.2. Plasmodium life cycle 
All species of Plasmodium that infect humans show a similar life cycle (Figure 
2) which is characterised by a sexual phase, named sporogony, that take place in the 





Figure 2. Plasmodium life cycle (adapted from Pasvol, 2010). 
 
The Plasmodium life cycle starts when a female anopheline mosquito feeds on 
infected blood, and the gametocytes (sexual cells) began their development in the 
mosquito. This phase is called fertilization and corresponds to the sexual phase. The 
gametocytes suffer differentiation, forming the female and male gametes. Fertilization 
occurs between these two gametes originating a zygote (the unique diploid form of all 
life cycle), which undergoes meiosis and differentiation into motile ookinetes – invasive 
forms in the next few hours. 
After approximately 24 hours, the ookinetes pass across the midgut epithelium 
and lodged under the basal lamina forming vegetative oocysts. These forms mature, and 
after several rounds of mitosis, sporozoites are formed – haploid forms. After the 
oocysts rupture, sporozoites are released into the hemolymph and travel through the 
mosquito haemacoel until reach salivary glands. When a new blood meal is taken by the 
mosquito female, the sporozoites are injected into the bloodstream of a new host. A few 
minutes later, they are already starting the invasion of the liver cells, starting the 




The newly arrived sporozoites enter the liver hepatocytes leading to liver 
schizonts. When they mature, merozoites are released into the peripheral blood – new 
invasive forms – where they will invade erythrocytes. In the case of P. vivax and P. 
ovale, the sporozoites can differentiate into hypnozoites, stages that can remain dormant 
in the liver for long periods of time. 
In the erythrocytes, the merozoites begin to differentiate into trophozoites. This 
period is called prepatent period and its extension is characteristic of each species. After 
two or three days of mitotic divisions erythrocytic schizonts are formed. When 
erythrocytes disrupt, merozoites are released and will infect other RBCs, starting a new 
cycle in the blood. This phase is responsible for symptoms of malaria illness, and as the 
number of parasites increases (parasitaemia), the infected person becomes more 
severely affected (Knell, 1991; Antinori et al., 2012). 
  
II.3. Infection dynamics 
The five species of Plasmodium infecting humans exhibit different biological 
















Table 1: Some of the most important infection characteristics of the five species 
of Plasmodium that infect humans (adapted from Antinori et al., 2012). 
Characteristics P. falciparum P. knowlesi P. malariae P. ovale P. vivax 
Pre-erythrocytic 
stage (days) 
5-7 8-9 14-16 9 6-8 
Pre-patent period 
(days) 
9-10 9-12 15-16 10-14 11-13 
Erythrocytic cycle 
(hours) 
48 24 72 50 48 






Parasitaemia per l      
 Average 20 000-500 000 600-10 000 6 000 9 000 20 000-100 000 
 Maximum 2.000 000 236 000 20 000 30 000 100 000 
Febrile paroxysm 
(hours) 
16-36 or longer 8-12 8-10 8-12 8-12 
Severe malaria Yes Yes No No Yes 
Relapses from liver 
forms 
No No No Yes Yes 
Recurrences Yes Yes Yes No Yes 
 
One of the typical symptoms of malaria disease is the intermittent high fevers 
characterized by: first; a rapid rise of temperature associated with chills - the cold stage; 
second; a temperature peak (reaching 40-41ºC) associated with other symptoms as 
headache, vasodilatation and myalgia - the hot phase; and, finally, the third phase with 
the decreasing of temperature – the sweat stage. 
The intermittent high fevers are directly related to the duration of the parasite 
erythrocyte cycle, and may be classified as tertian fever (caused by P. falciparum, P. 




quartan (caused by P. malariae), with peaks of fever every four days (72 hour cycle) 
(Knell, 1991; Carter & Mendis, 2007; Antinori et al., 2012). 
For a better understanding of the Plasmodium species studied in the present 
work, a brief description of each one is present below. 
 
II.3.1. Plasmodium falciparum 
Plasmodium (Laverania) falciparum (Welch, 1896) was first observed by 
Charles Alphonse Laveran in 1880. Of the five Plasmodium species that infect humans, 
this is the one that causes more morbidity and mortality and present higher prevalence 
particularly in Africa. According to the latest WHO report (WHO, 2012) 85 countries 
are classified as endemic for P. falciparum, with 2.57 billion people at risk. 
The P. falciparum genome sequencing in 2002, brought great advances in the 
knowledge of this parasite (Gardner et al., 2002). It is composed by 14 linear 
chromosomes, coding for 5 365 genes. However, up to now, only 1 817 have known 
functions. 
The life cycle of P. falciparum is characterized by having an asexual 
development in the liver (pre-erythrocytic schizogony), with no hypnozoites 
differentiation. The first visible form in the liver appears on the fourth day after 
infection and corresponds to the hepatic schizont (Antinori et al., 2012). 
In the erythrocytic schizogony, typically, only the young rings are visible 
whereas the maturation stages are rarely seen in the peripheral blood. The more 
developed trophozoites disappear from peripheral blood circulation as infected 
erythrocytes are being sequestered in the internal organs, like brain, spleen and placenta.  
Another characteristic of P. falciparum parasite is the development of 
gametocytes in the internal organs, where they can be captured (Antinori et al., 2012). 
The gametocytogenesis of this parasite can be divided in five morphologically distinct 
substages (Bousema & Drakeley, 2011); Stage I – IV: Immature P. falciparum 
gametocytes are sequestered away from the circulation, Stage V: mature gametocytes 




(Bousema & Drakeley, 2011; Antinori et al., 2012). The sporogonic cycle takes 9 to 10 
days at a mean temperature of 28ºC. 
The origin of P. falciparum has been object of study and until very recently, it 
was thought that the closest parasite of P. falciparum was the Plasmodium reichenowi: 
a chimpanzee parasite. The studies indicated that these two parasites have diverged at 
the same time 5 Myr ago (Escalante et al., 1994; Escalante et al., 1995; Rich et al., 
1998; Jeffares et al., 2006); however recent works claim that P. falciparum is of gorilla 
origin (Liu et al., 2010; Holmes, 2010). 
 
II.3.2. Plasmodium vivax 
Plasmodium vivax (Grassi & Feletti, 1890) is the Plasmodium parasite that 
presents the wider distribution, being present in 109 countries considered as potentially 
endemic for this parasite (Guerra et al., 2010; Gething et al., 2012).  
For a long period of time, P. vivax was considered a “benign” parasite, being 
neglected by the scientific community. Recently, however, this idea has changed and in 
the last years this parasite has become highly studied. The reasons of this change are the 
following: first, its wider distribution, being found in both tropical, and subtropical 
areas and in countries where it was not present or it was not detected by the available 
techniques in the past, as is the case of some countries of West and Central Africa 
(Poirriez et al., 1991; Snounou et al., 1998; Gautret et al., 2001; Mendes et al., 2011); 
second, the high number of clinical cases reported, ranging from 70 million to 300 
million (Baird, 2007; Galinski & Barnwell, 2008; Mueller et al., 2009) and third, this 
parasite seems to be evolving and adapting, causing more severe forms of the disease 
including death (Genton et al., 2008; Rogerson & Carter, 2008; Tjitra et al., 2008; 
Alexandre et al., 2010). 
In 2008, the genome of P. vivax was first sequenced and published (Carlton et 
al., 2008) and has shown that there are several differences between P. vivax and P. 
falciparum: the nuclear genome is higher, contains 5 433 predicted protein-encoding 
genes and displays chromosomes that are unique among human Plasmodium species 




Regarding P. vivax life cycle, sporozoites in the liver can differentiate into 
schizonts or into hypnozoites, which are responsible for the relapse of the infection. 
Hypnozoites are only formed by this species and by P. ovale. The sexual life cycle of 
this parasite in Anopheles mosquitoes takes 8-10 days at 28ºC (Gilles, 1993). 
This parasite invades preferentially reticulocytes and all forms of the 
erythrocytic cycle can be found in the peripheral blood contrasting with P. falciparum, 
where only early parasites are observed (Antinori et al., 2012).  
The erythrocytes invasion by this parasite has been described as being mediated 
exclusively by the Duffy antigen receptor for chemokines (DARC). People not 
presenting this antigen in the erythrocytes surface were called Duffy negative 
individuals [Fy(a-b-)] and were hypothetically resistant to P. vivax infection (Miller et 
al., 1975; Langhi et al., 2006). The small prevalence found in West and Central Africa 
for this parasite was attributed to the high prevalence of Duffy negative people in this 
region. However, recent studies demonstrate that P. vivax may be changing and is able 
to invade erythrocytes using other receptors than Duffy (Ryan et al, 2006; Cavasini et 
al., 2007a and 2007b; Ménard et al., 2010; Mendes et al., 2011). 
  
II.3.3. Plasmodium malariae 
Plasmodium malariae (Laveran, 1880) has a wide but sparse distribution, can be 
found most frequently in sub-Saharan Africa and the southwest Pacific. This parasite 
shows a slow development in both hosts (15 days in the Anopheles mosquitoes; in 
human, 15 days in the liver and 72 hours in the blood), and hardly causes serious forms 
of the disease (Collins & Jeffery, 2007). 
Infections caused by this parasite rarely reach high parasitaemias (usually not 
exceed 30 000 parasites per microliter), probably due to a low number of merozoites 
produced per erythrocytic cycle. Plasmodium malariae does not form dormant forms in 
the liver, like P. vivax and P. ovale, but can persist in the blood with low parasitaemia 
for long periods of time (reaching 30-40years) causing recrudescence (Collins & 




The sporogonic cycle takes 14 to 16 days at 28ºC increasing the time for 30-35 
days if the temperature is 20°C (Collins & Jeffery, 2007). 
 
II.3.4. Plasmodium ovale 
Plasmodium ovale (Stevens, 1922) was first discovered by Stephens in 1922 
(Stephens, 1922) in an African patient. This parasite is distributed in sub-Saharan 
Africa, South-east Asia, Middle East, the Indian subcontinent, Papua New Guinea and 
East Timor Indonesia (Muller et al., 2007), and is not described as causing severe 
malaria cases. 
This parasite can cause chronic infections, presenting low parasitaemias; and can 
develop hypnozoites which can cause relapses in the infection. The sporogonic cycle 
takes 12 to 14 days at a mean temperature of 28ºC. 
 Recently, two closely related but distinct species of P. ovale were described: P. 
ovale curtisi (classic type) and P. ovale wallikeri (variant type). It is known that despite 
being sympatric in both African and Asiatic regions, the existence of several 
geographic, temporal or ecological barriers prevent the recombination between the 
genomes of the two species (Sutherland et al., 2010).  
 
II.4. Mixed Infections 
Mixed infections, involving two or more species of Plasmodium, are very 
common in countries where malaria is endemic (Richie, 1988; Bruce et al., 2000). 
Several studies have shown that both vertebrate and invertebrate hosts may be infected 
with more than one species of Plasmodium (Mason et al., 1999; Arez et al., 2003; 
Mayxay et al., 2004; Snounou & White, 2004; Zimmerman et al., 2004; Marques et al., 
2005; Genton et al., 2008; Bousema et al., 2008).  
Concomitant infections may have effects on pathology, severity and infection 
dynamics, that’s why it is so important a correct diagnostic.  
In most of the endemic malaria countries, the diagnosis is made through blood-




this technique has some limitations, being affected by several aspects: the limit of 
detection is not very high (in theory, 10–100 parasites per l) (Wongsrichanalai et al., 
2007) when compared with other techniques like PCR or real-time PCR (0.05–10 
parasites per l) (Snounou et al., 2003), and is depending on the quality of the blood 
slides preparation, the number of microscope fields analysed and the microscopist’s 
expertise (Zimmerman et al., 2004). 
Using the standard diagnostic technique - optical microscopy – and due to the 
limitations referred above, mixed infections are often difficult to detect since all 
infections go through periods of low parasitaemia. The switch between periods of patent 
parasitaemia (when parasites in peripheral blood can be easily observed) and latent 
periods of parasitaemia (when it is not possible to observe parasites in peripheral 
blood), makes it difficult to distinguish the parasites only by their morphological 
characteristics (Richie, 1988; Snounou et al., 2004; Zimmerman et al., 2004; Rajahram 
et al., 2012).  
During the last 30 to 40 years, several studies have been performed trying to 
clarify the possible relationship among the different species of Plasmodium. However, 
several discrepancies were found in these studies and several questions remain unclear. 
Molineaux et al (1980) in a study conducted with Nigerian adults concluded that 
mixed infections were more common than expected and P. malariae is more commonly 
associated with P. falciparum than it was initially predictable based on the individual 
frequencies of each species. On the other hand, Richie (1988) and McKenzie & Bossard 
(1999), reported less mixed infections than would be expected when they compared P. 
vivax – P. falciparum infections, however high numbers of P. malariae – P. falciparum 
mixed infection were still found. 
Another aspect that has been widely studied is the impact that mixed infections 
may have in the severity of the infection. Some studies reported a reduction in the 
severity of symptoms when mixed infections were present. In a study with African 
children, mixed infections of P. falciparum and P. malariae and / or P. ovale did not 
present any kind of symptoms, or if they existed were much less severe than P. 
falciparum simple infections (Mayxay et al., 2004). Similar results were obtained in a 




al., 1997), where mixed infection of P. falciparum and P. malariae and / or P. ovale and 
P. falciparum + P. vivax presented a reduction in the severity of the symptoms. 
Luxemburger et al. (1997), in a study conducted in Thailand, showed a decrease of 
5.7% to 1.6% on the severity of the infection when they compared single P. falciparum 
infection with P. falciparum + P. vivax infections. These results were corroborated by 
other studies carried out in different countries as Vanuatu (Williams et al., 1996), Papua 
New Guinea (Smith et al., 2001), Thailand (Price et al., 2001; McKenzie et al., 2006) 
and Brazil (Lorenzetti et al., 2008). 
Depending on the relationship between parasites, it is possible to distinguish 
between positive and negative interactions. The first is characterized by the presence of 
a particular species favouring the development of another, while negative interactions 
are characterized by the presence of a species inhibiting the presence of another. 
 
II.5. Parasite diversity 
The extent of genetic diversity of natural populations of Plasmodium is 
enormous and both inter- and intra-specific infections are common. The understanding 
of this topic is a key epidemiological issue as ecological interactions between parasite 
populations in the same host may be an important source of selection on pathogen traits 
such as virulence and drug resistance and allows determining the influence of different 
parasite populations on infection and transmission dynamics. Further, some of those 
effects on infection parameters seem to be dependent on the seasonality and the 
intensity of malaria transmission (Marques et al., 2005).  
 
II.5.1. Plasmodium falciparum 
The genetic diversity of P. falciparum has been highly studied not only because 
this parasite is responsible for the highest number of clinical cases and deaths, but also 
due to its importance as an indicator of the malaria transmission intensity in an area 
(Paul et al., 1998); its ability to differentiate between recrudescence (which correspond 
to a treatment failure) and new infection (either from pre-existing liver infection or a 




development and/or the evaluation of malaria vaccines, since its high levels of genetic 
diversity is one of the biggest limitation for the development of an effective malaria 
vaccine (Schwartz et al., 2012). 
The most frequently used markers for the P. falciparum genotyping are the 
merozoite surface protein 1 and 2 (MSP-1 and MSP-2) and the glutamate-rich protein 
(GLURP), which are surface antigens (Smythe et al., 1991; Snounou et al., 1998). With 
these markers it is impossible to know whether observed patterns reflect population 
history or natural selection (Anderson et al., 2000) so, nowadays, neutral microsatellite 
sequences (or short tandem repeats, STRs), are the most commonly used markers to 
differentiate P. falciparum populations. 
Below, a brief description of the molecular markers used in this work is 
presented.  
 
II.5.1.1. Genetic markers – msp2 
The msp2 gene codes for a merozoite surface antigen and is one of the most 
widely used genetic markers in population biology studies of P. falciparum parasites. 
This gene contains highly polymorphic regions with repeated units; in addition to size 
differences, it is possible to distinguish two allelic families – IC and FC27 (Smythe et 
al., 1991). 
Through the analysis of msp2 gene, it is possible to determine the multiplicity of 
infections (MOI), which is defined as the minimum number of different genotypes of P. 
falciparum in a single individual (Beck et al., 1997). MOI is a good indicator of 
acquired immunity or premunition in populations living in endemic areas and is also a 
good indicator of the malaria transmission intensity (Babiker et al., 1995; Paul et al., 
1998). An area with high endemicity usually presents extensive parasite diversity and 
multiple genotypes are found in a single infected individual. In the opposite, the parasite 
population in a low transmission area shows limited genetic diversity and the majority 
of infections are monoclonal (Haddad et al., 1999; Babiker et al., 2001; Peyerl-





STRs are simple DNA sequence repeats composed by short motifs, usually with 
6 or less bases, that are repeated in tandem (Queller et al., 1993). These STRs are found 
in all organisms and are widespread throughout the genome. 
They are considered  very useful molecular markers for population genetic 
analysis (Goldstein & Schlötterer, 1999, Anderson et al., 2000) and for genetic linkage 
mapping (McCollum et al., 2007), since they are very abundant, highly polymorphic, 
co-dominant and easy to score.  
It is possible to differentiate between neutral STRs, i.e., not subjected to 
selection, allowing the analysis of the genetic variability without selection effect 
(McCollum et al., 2007); and STRs flanking resistance genes, that may reveal effects of 
selective sweep. From the analysis of these STRs it is possible to characterize the 
evolutionary origin of resistant alleles, check if new mutations arise in different 
geographic regions or share a common ancestor (Roper et al., 2003; Anderson & Roper, 
2005). 
 
II.5.2. Plasmodium vivax 
Plasmodium vivax has been, until very recently, a neglected parasite. Many 
details of their biology, epidemiology and pathogenesis is unknown. Now it is known 
that this parasite is capable of causing severe manifestations of the disease, like cerebral 
malaria, renal failure, hepatic dysfunction and even death (Barcus et al., 2007; Kochar 
et al., 2009) and due to the appearance and spread of drug resistance in P. vivax (Baird 
& Hoffman, 2004), is essential to know its population structure and genetic diversity. 
To study the diversity of infection within this parasite, the markers of choice are 
STRs or some surface antigen genes, such as circumsporozoite protein (CSP) and 
merozoite surface protein 3 alpha (MSP-3). 
To obtain accurate comparisons of genetic diversity of global P. vivax 
populations, a protocol for STRs genotyping must be standardized, as it happens with P. 





II.5.2.1. Genetic markers – csp 
There are three strains of P. vivax described so far - classic P. vivax (also called 
P. vivax VK 210), P. vivax VK 247 and P. vivax-like. The csp gene is commonly used 
to differentiate them. These three strains although morphologically similar, differ in the 
central portion of CSP protein, the most abundant polypeptide present at the sporozoite 
surface (Kappe et al., 2004).  
The csp gene is highly polymorphic and presents a central repetitive domain that 
varies in sequence and length among Plasmodium spp. The P. vivax VK247 (described 
by Rosenberg et al., 1989) is characterized by having in the central portion of this gene 
a nonapeptide repeat unit, ANGA(G/D)(N/D)QPG, whereas the P. vivax classic 
(described by Arnot et al., 1985) parasite presents the nonapeptide repeat 
GDRA(A/D)GQPA. The strain P. vivax-like (Qari et al., 1993), is characterized by 
having a 11-mer repeat sequence, APGNQ(E/G)GGAA, in the central portion of the csp 
gene. 
 
III. Human Host 
III.1. Human factors associated with susceptibility / resistance to 
malaria 
Several studies reported that malaria is one of the strongest known forces for 
evolutionary selection of the human genome, mainly in factors associated to 
erythrocytes, which play a key role in parasite life cycle (Lell et al., 1999; Parikh et al., 
2004; Kwiatkowski, 2005). This is not surprising, since this disease has been highly 
prevalent through thousands of years, and even today is one of the most important 
causes of child mortality and morbidity worldwide (WHO, 2013).  
This topic has been largely studied and genes that are involved in the structure 
and /or functionality of the erythrocytes are those with the highest number of genetic 
variants that have the ability to protect against the death from malaria or against the 
intensity of clinical symptoms (Williams, 2006). Among the most common and best 




haemoglobin S (HbS) or sickle cell disease, which is associated with the production of 
structurally variant forms, and the - and -thalassemia, which causes a reduction in the 
production of normal  - or  -globin respectively; some enzymopathies, like glucose-6-
phophate dehydrogenase (G6PD) deficiency, pyruvate kinase (PK) deficiency; the ABO 
system and the Duffy antigen. The alleles responsible for these changes, present very 
high frequencies in areas where malaria is or was highly prevalent.  
The first association between a human genetic polymorphism and the decrease 
of the rates of malarial infection, was observed in 1946, in a study of inpatients at a 
regional hospital in Northern Rhodesia, now Zambia (Beet, 1946), where the carriers of 
sickle cell trait presented lower rates of infection when compared with nonsicklers 
patients. Later, Haldane (1949) proposed that the high frequencies of thalassemia 
around the shores of the Mediterranean Sea were a consequence of a selective 
advantage against P. falciparum malaria, and not a result of an exceptionally high 
mutation rate. This proposition was known as the “malaria hypothesis”, which states 
that certain human genetic polymorphisms have been selected to high frequencies 
because they protect against some effects of malarial infections. Thereafter, several 
studies have demonstrated this same theory (Jepson et al., 1997; Cappadoro et al., 1998; 
Mackinnon et al., 2000; Weatherall & Clegg, 2002; Aidoo et al., 2002; Mackinnon et 
al., 2005; Min-Oo & Gros, 2005). 
 
III.1.1. Duffy antigen 
Plasmodium vivax, despite being the second most prevalent species of 
Plasmodium in the world, with 70 million to 300 million clinical cases pear year (Baird, 
2007; Galinski & Barnwell, 2008; Mueller et al., 2009) is practically absent in central 
and western Africa, due to the majority of the population be Duffy negative (i.e. do not 
possess the Duffy antigen at erythrocyte surface) (Langhi & Bordin, 2006). 
The Duffy antigen, also called Duffy antigen / receptor for chemokines (DARC), 
is a glycosylated membrane protein that is encoded by a gene located in the 
chromosome 1 and is more abundant on the surface of reticulocytes than on mature 




was the unique receptor known required for the entry of P. vivax in the RBC and was 
the responsible for the protection against this parasite. 
DARC-coding gene is polymorphic presenting multiple alleles, among them the 
codominant FY*A and FY*B which encode for the two main alleles – Fya and Fyb. Four 
genotypes may result from the combination of the main alleles, Fy(a+b+), Fy(a+b-), Fy(a-
b+), Fy(a-b-) (Tournamille et al., 1995; Castilho et al., 2004; Rowe et al., 2009). The first 
three originate a Duffy-positive phenotype, most prevalent in Asian and in Caucasian 
populations and the last one originates a Duffy-negative phenotype, most prevalent in 
African people, who are consequently (theoretically) resistant to P. vivax infection. 
The Fy(a-b-) genotype results from a point mutation -33T>C in the promoter 
region of allele FY*B, in the GATA box region, which prevents the link with the 
transcription factor h-GATA1 (Tournamille et al., 1995; Castilho et al., 2004).  
Several studies over the years, have demonstrated that the lack of Duffy antigen 
prevents the invasion of erythrocytes by P. vivax. Miller and collaborators (1975), 
observed that resistance to P. vivax was directly associated with the Duffy negative 
phenotype, while a study conducted by Barnwell and collaborators (1989) demonstrated 
in vitro, that merozoites of P. vivax are unable to invade RBCs that do not express the 
Duffy antigen. More recently, a study conducted in nine African countries, where 2 588 
blood samples were analysed, found only one sample infected with P. vivax in a Duffy 
positive individual (Culleton et al., 2008). This study confirmed that this Plasmodium 
species is virtually absent of Africa. Another important aspect was found by Kasehagen 
et al. (2007) in a study conducted in Papua New Guinea. This study showed that not 
only the Duffy negative homozygous individuals are protected against P. vivax 
invasion, but also that the heterozygous individuals carriers of a new Duffy negative 
allele [Fy(A+; A-)],  which shows a 50% decrease in the expression of Fy, are 
significantly more protected against P. vivax infection than homozygous individuals 
[Fy(A+; A+)]. Moreover, these individuals, when infected, have significantly lower 
parasitaemias when compared to normal individuals.  
A surprising result was found in studies conducted in Brazil and in some 
countries of Africa, where Duffy negative individuals were infected with P. vivax. A 




malaria caused by P. falciparum, found children infected with P. vivax despite being 
Duffy negative (Ryan et al., 2006). Similar results were found in the Amazon region in 
Brazil and other locations in West Africa, such as Angola and Equatorial Guinea, where 
Duffy - negative individuals were found to be infected with P. vivax. (Cavasini et al., 
2007a; Cavasini et al., 2007b, Mendes et al., 2011). A study that is being developed in 
Equatorial Guinea, found nine Duffy - negative individuals, containing the mutation - 
33T > C in the promoter region of the FY*B allele , located in the region of " GATA 
box" , infected with strains of P. vivax - P. vivax classic and P. vivax VK247 (Mendes et 
al, 2011) . These recent data suggested that P. vivax may be evolving, using alternative 
receptors to bind and invade erythrocytes. 
 
IV. Mosquito vector 
Human malarial protozoa are transmitted by mosquitoes of the genus Anopheles. 
There are 465 formally recognized Anopheles species, approximately 70 of which have 
the capacity of transmit human malaria parasites and of these, about 40 species are 
considered of major importance (Hay et al., 2010). This mosquito genus is the most and 
best studied one, mainly because of their impact on human health, once they are vectors 
of several diseases such as malaria and filariasis (Sinka, 2013). 
According to Richards & Davies (1977), the mosquito vectors of malaria are 
classified as belonging to the Animalia kingdom, Arthropoda phylum, Insecta class, 
Pterigota subclass, Diptera order, Nematocera sub-order, Culicidae family, 
Anophelinae sub-family and Anopheles genus. 
Figure 3 shows the distribution of the main malaria vectors around the world. It 
is possible to observe that malaria endemic areas present more than one mosquito 
species. In the areas of study – Angola, Equatorial Guinea and Guinea-Bissau – the 
main malaria vectors are Anopheles gambiae s.l. and A. funestus (Pålsson et al., 1998; 
Cano et al., 2006; WHO, 2013; Sinka, 2013), and as secondary A. moucheti moucheti 






Figure 3. The global distribution of 34 dominant vector species and / or species 
complexes. (Reproduced from Sinka, 2013). 
s.l.: sensu lato - meaning ‘in the broad sense’ referring to species complex. 
 
IV.1. Anopheles life cycle 
During their life-cycle, Anopheles mosquitoes, experience several stages of 
development: egg, larva, pupa and adult (Figure 4), being required two different 
habitats, an aquatic and a terrestrial habitat. The immature phases (egg, larva and pupa) 



















Figure 4. The life-cycle of Anopheles (adapted from 
http://www.epa.gov/pesticides/health/mosquitoes/mosquitojoint.htm, accessed in 
January 5th, 2013). 
 
The duration of the complete mosquito’s life-cycle depends on the species and 
temperature and may take between 7 to 21 days (Knell, 1991). The first activity of the 
new-hatched adult is the mating. The female only copulates once, because the last thing 
that the male does, is to inject a sealing substance which blocks the passage of other 
sperms. The Anopheles female can feed on nectar or fruit juices but to be able to 
produce eggs, she needs a blood meal. The female is capable of laying up to 50 to 200 
eggs at once, and egg posture is done on the surface of the water. The egg takes between 
1-2 days to hatch, originating the larva that go through four different stages. In the 
larval stage is possible to distinguish three main structures: the head, a broad and 
flattened thorax and a segmented abdomen. The larva lasts for approximately 7 days at 
tropical temperatures and for 2 to 4 weeks at lower temperatures. At the fourth stage, 
the larvae metamorphose into the pupa.  
The pupal stage takes between 1 and 2 days; it does not feed but is mobile. In 
this stage, the pupa is comma-shaped with a distended cephalothorax and a segmented 





IV.2. Malaria vectors 
Brief descriptions of the main Anopheles species present in the areas of study are 
presented below. 
 
IV.2.1. Anopheles gambiae s.l. 
The complex Anopheles gambiae includes seven sibling species that are 
morphologically indistinguishable, but distinguishable through their genetic and eco-
ethological characteristics (della Torre et al., 2002). The seven members of these 
complex are: A. gambiae s.s. Giles, 1902; Anopheles arabiensis Paton, 1905; Anopheles 
quadriannulatus Theobald, 1911; Anopheles quadriannulatus B Hunt, 1998; Anopheles 
melas Theobald, 1903; Anopheles merus Donitz, 1902 e Anopheles bwambae White, 
1985 (Scott et al., 1993). The A. gambiae s.s. and the A. arabiensis are considered the 
main and most effective vectors of malaria in sub-Saharan Africa, while A. melas and A. 
merus are considered secondary vectors. The distribution of A. bwambae is very 
restricted and, finally, A. quadriannulatus is not a malaria vector, since it is a zoophilic 
species. The others are mainly anthropophilic. These species also differ regarding the 
habitats: A. gambiae s.s., A. arabiensis, A. quadriannulatus are all freshwater breeding 
species; while A. melas and A. merus are salt water adapted species. Anopheles 
bwambae is a localised hot spring water adapted species. In 1998, a seventh member, A. 
quadriannulatus species B, has been proposed (Hunt et al., 1998), now called 
Anopheles amharicus Hunt (Coetzee et al., 2013). 
Since individual species within the species complex differ in host-biting 
preference, abundance and vector competence, identification of the mosquito vectors to 
species level and mapping species distribution in heterogeneous environments are 
crucial to malaria epidemiology and control.  
  
IV.2.2. Anopheles funestus 
Like A. gambiae s.s., A. funestus s.s. is one of the major malaria vector in Africa. 
Anopheles funestus s.s. belongs to A. funestus Giles complex, which contains nine 




parensis Gillies, Anopheles aruni Sobti, Anopheles confusus Evans and Leeson, 
Anopheles funestus, Anopheles vaneedeni Gilles and Coetzee, Anopheles rivulorum 
Leeson, Anopheles fuscivenosus Leeson, Anopheles leesoni Evans, and Anopheles 
brucei Service (Gillies & Coetzee, 1987). These sibling species present differences in 
their biology and vectorial competency, and the A. funestus s.s., is the only species of 
this complex that is anthropophilic. 
The typical habitat for A. funestus larvae is a large, permanent or semi-
permanent body of fresh water with emergent vegetation, like swamps and large ponds. 
This species is virtually present in all African continent because is very adaptable: it can 
be found in a wide range of altitudes [900m in Madagascar (Andrianaivolambo et al., 
2010), 1400m in Central Africa (Tchuinkam et al., 2010) and up to 2000m in Kenya 
(Okaraet al., 2010)] and in a variety of breeding sites. 
Anopheles funestus s.s. is highly anthropophilic and endophilic, which combined 
with a high longevity, makes it an efficient vector, as good as or better than A. gambiae 
in some areas. The remaining species of the complex are mainly zoophilic, but can 
occasionally feed on humans (Gilles & De Meillon, 1968). Some studies found A. 
rivulorum infected with P. falciparum in Tanzania (Wilkes et al., 1996; Temu et al., 
2007), and Temu and collaborators (2007) also found positive specimens of A. leesoni 
and A. parensis with P. falciparum, suggesting a secondary role of these mosquitoes in 
malaria transmission. 
 
IV.2.3. Anopheles carnevalei 
Anopheles carnelavei belongs to the Anopheles nili group which includes four 
different species: Anopheles nili s.s., Anopheles somalicus, A. carnevalei and Anopheles 
ovengensis. These species can be distinguished through slight morphologic characters 
observable at the larval and/or adult stages. Mosquitoes of this group are recognized as 
major human malaria vectors in tropical Africa, especially in areas with vegetation or 
dense shade along the rivers that represent typical larval development sites (Gillies & 




Cano and collaborators (2003) described the presence of A. carnevalei in the 
continental region of Equatorial Guinea, mainly near rivers areas, and proved to have a 
great receptivity to the Plasmodium infection (Cano et al., 2006). 
It is known that A. carnevalei is mostly zoophilic although it regularly feeds on 
humans in villages situated close to its breeding sites, and it is rarely collected resting 
indoors biting more frequently outdoors (Awono-Ambene et al., 2009). Despite its 
importance in terms of public health – it is an important malaria vector - this species is 
very poorly studied and little is known about their biology, ecology and genetics 
(Fontenille & Simard, 2004). 
 
IV.2.4. Anopheles moucheti moucheti 
Anopheles moucheti belongs to a group of three morphological forms: A. 
moucheti moucheti, Anopheles moucheti bervoetsi and Anopheles moucheti nigeriensis, 
distinguishable by slight morphological characters present at the adult and/or larval 
stages (Gillies & Coetzee, 1987; Fontenille & Simard, 2004).  
In rural villages situated in deep forest areas, A. moucheti usually is the major 
vector of Plasmodium and quite often the only one maintaining a high level of malaria 
endemicity in humans (Shah et al., 2011). 
Anopheles moucheti larvae are mainly found associated to floating vegetation of 
slow-moving streams or rivers and low temperatures (Gillies & De Meillon, 1968). 
Anopheles moucheti depends strongly on human blood, being highly anthropophilic, 
and tends to bite indoors (high densities of blood-fed females can be collected resting 
indoors). However, high mosquito densities might also be collected far from any human 
settlements, indicating a probable zoophilic behaviour in some forest populations 
(Antonio-Nkondjio & Simard, 2013). 
 
IV.3. Mosquito immunity 
During their life cycle, mosquitoes are exposed to a wide variety of pathogens 




In fact, during the parasite population development in the mosquito three main 
bottlenecks are observed, which represent a large decrease in the number of parasites 
(Figure 5). The greatest reduction in parasite numbers occurs at the ookinete-to-oocyst 
transition stage. The ookinetes, are eliminated mainly by lysis or melanisation in the 
mosquito midgut epithelium and the ones that survives and reach the oocyst stage, 
multiply and produce thousands of sporozoites. When the oocysts burst, sporozoites are 
released to the hemolymph, invade the salivary glands and, upon subsequent mosquito 
bites, infect human hosts. It is estimated that in a blood meal, the mosquito ingest an 
average of 10 000 gametes and only 1 000 ookinetes develop successfully, and from 
those, less than five survives and develop to oocysts in mosquitoes.   
The huge reduction in the number of parasites is explained by the capacity of the 
mosquito immune system trigger a series of mechanisms, limiting the Plasmodium 
infection (Blandin & Levashina, 2004; Whitten et al., 2006; Barrilas-Mury, 2007).  
 
 
Figure 5: Parasite numbers during the critical steps of transformation of gametes 
to ookinetes of ookinetes to oocysts, and through the migration of sporozoites from the 
midgut epithelium to salivary glands (adapted from Blandin & Levashina, 2004). 
 
These defence mechanisms involve not only structural barriers such as the rigid 
exoskeleton and peritrophic matrix (secreted after eating), as also a strong innate 
immune response against the parasite, including a wide variety of cellular and humoral 




begins when pathogen-associated molecular patterns (PAMPs) are recognized by 
pattern recognition receptor (PRR) molecules (Dziarski, 2004). After this recognition, 
some reactions of the immune response will be triggered, including the activation of the 
cascade of serine proteases (proteolytic enzymes), which will regulate the activation of 
defence mechanisms as mosquito melanisation, synthesis of anti-microbial peptides or 
coagulation (Dimopoulos et al., 2001). 
In Anopheles mosquitoes there are several families of genes that codify to PRRs, 
such as: peptidoglycan recognition proteins (PGRPs); gram-negative bacteria-binding 
proteins (GNBPs); thioester-containing proteins (TEPs); C-type lectins (CTLs); leucine-
rich immune proteins (LRIMs); and scavenger receptors (SCRs) (Christophides et al., 
2004; Michel & Kafatos, 2005; Osta et al., 2004; Yassine & Osta, 2010). 
 
Figure 6. Schematic representation of the mechanisms of defence in A. gambiae 
against Plasmodium (adapted from Christophides et al., 2004). 
1) Gametocyte activation and fertilization of gametes. It occurs soon after mosquito ingestion of 
parasite-infected blood meal. 2) Mosquito midgut invasion by ookinetes at approximately 1 day post 
infection. The invaded epithelial cells undergo apoptosis and are expelled from the epithelium into the 
midgut lumen. 3) Oocyst formation, a major parasite amplification step. Within the oocyst, repeated 
mitotic divisions give rise to thousands of sporozoites. 4) Oocyst rupture and sporozoite release in the 
mosquito haemocoel. The sporozoites migrate through the hemolymph toward the mosquito salivary 
glands. 5) Sporozoite invasion of the salivary glands. Following invasion, the parasites reside in the 




documented during the first 24 h after infection. These losses possibly may be in part due to a mosquito 
immune reaction [e.g. secretion of antimicrobial peptides (AMPs)]. (b) Ookinete melanisation in a 
melanising refractory strain. Immune factors such as TEPs and LRIMs are involved in ookinete killing 
followed by melanisation, which depends on proteolytically activated prophenoloxidases [PPOs (POs)] 
and may be favoured also by elevated levels of reactive oxygen species. (c) A majority of ookinetes are 
lysed inside the cytoplasm of the midgut cells. Overproduction of nitric oxide produced by nitric oxide 
synthase (NOS) and other reactive species may lead to ookinete killing. (d) A number of ookinetes escape 
to the basal (haemocoel) side of the epithelium and evade immune responses by interacting with C-type 
lectins (CTLs). (e) Oocyst rupture and sporozoite release coincide with another immune response, 
possibly mounted by the mosquito fat body. (f) Phagocytosis and/or cellular melanotic encapsulation of 
Plasmodium gallinaceum sporozoites by hemolymph haemocytes has been observed in Aedes aegypti. (g) 
Induction of immune molecules is also observed during sporozoite invasion of the mosquito salivary 
glands. 
 
PGRPs and GNBPs are some of the most studied PRRs. PGRPs are soluble or 
transmembrane proteins containing a domain similar to the bacterial amidase domain, 
which is involved in recycling bacterial cell wall fragments.  
In Drosophila, the PGRP-SA activates the Toll pathway in response to Gram-
positive bacterial infection together with GNBP1. On the other hand, PGRP-LC and 
PGRP-LE are involved in activating the immune deficiency (Imd) pathway in response 
to Gram-negative bacterial infections. Among the seven identified putative Anopheles 
PGRPs, PGRP-LC seems to play a central role in defence against bacterial infection 
(Osta et al., 2004). 
GNBPs share significant sequence similarity with the catalytic region of 
bacterial β-1,3- and β-1,3,1,4-glucanases. In A. gambiae, there are six putative GNBPs 
described and GNBP-B1 and GNBP-A1 are up-regulated after Plasmodium infection, 
while only GNBP-B1 is reactive to bacteria (Dimopoulos et al., 2002). 
TEP1 is a complement-like protein and is secreted into the hemolymph , where it 
is proteolytically matured by unknown proteases into two chains that remain associated 
together. TEP1 functions as an opsonin by binding covalently to the surface of Gram-
negative and Gram-positive bacteria, in a thioester-dependent manner, triggering their 
clearance by phagocytosis. In refractory A. gambiae mosquitoes, the knockout of TEP1 




antiparasitic effect. Similar results were found for LRIM1 and APL1C genes (reviewed 
in Yassin & Osta, 2010). 
Others PRRs, as CTL4 and CTLMA2, have a completely different effect. The 
knockout of these two genes in the mosquito results in a drastic reduction in the number 
of oocysts formed, due to the melanisation of the ookinetes (Christophides et al., 2004; 
Michel & Kafatos, 2005). 
 
IV.3.1. Signal modulation and transduction 
In insects, the recognition of PAMPs by PRRs often triggers the activation of 
protease cascades that amplify the danger signal and relay it to downstream effector 
mechanisms promoting the elimination of the intruder. Between these effector 
mechanisms it is possible to highlight the coagulation, synthesis of antimicrobial 
peptides and melanisation.  
The main components of these cascades are clip-domain serine proteases 
(CLIPs), that are involved is several defence mechanisms such as the activation of 
signalling pathways leading to the synthesis of antimicrobial peptides (AMPs), 
hemolymph agglutination and melanisation (Michel & Kafatos, 2005); and serpins, that 
are serine protease inhibitors (SRPNs) that sub-regulate or suppress the signal acting as 
suicide substrates of serine proteases (Christophides et al., 2004; Osta et al., 2004). 
The identification of components of signalling pathways in the immune defence 
response of the mosquito was possible through the comparative analysis of the genomes 
of Drosophila melanogaster and A. gambiae. Two signal transduction pathways are 
described: the Toll and Imd pathways. The Toll pathway is activated by fungal or 
Gram-positive bacterial infections, inducing the proteolytic cleavage of Spaetzle, which 
binds directly to and activates the transmembrane receptor Toll; whereas the Imd 
pathway, is activated by Gram-negative bacteria, leading to the cleavage of a Rel/NFκB 
family protein, Relish, through the proteolytic action of the caspase Dredd 
(Christophides et al., 2002). 
The majority of the intracellular components of the Toll and Imd pathways are 




there are few exceptions and the absence of the mosquito orthologous of D. 
melanogaster NF-kB transcription factor Dif is one of them. The mosquito genome 
encodes only two NF-kB transcription factors: Rel1 and Rel2, orthologous of 
Drosophila Drosal and Relish genes, respectively (Christophides et al., 2002). 
These transcription factors, Rel1 and Rel2, regulates the levels of expression of 
some antiparasitic genes such as TEP1, and LRIM1 APL1C, interfering with protection 
against Plasmodium spp.  
On the other side, the mosquito A. gambiae have two STAT (signal transducers 
and activators of transcription) genes that appear to have been originated by gene 
duplication (AgSTAT-A and AgSTAT-B). AgSTAT-B translocate to the nucleus of the 
fat body cells in response to bacterial challenge and regulates the levels of STAT-A. In 
fact, recent evidences stand out the role of STAT in the reduction of P. berghei and P. 
falciparum infections in the mosquito midgut (Yassine & Osta, 2010; Cirimotich et al., 
2010). 
 
IV.3.2. Effector mechanisms 
IV.3.2.1. Antimicrobial peptides 
At the final steps of the mosquito vector immune response, this triggers a series 
of effectors mechanisms, including the AMPs production. The AMPs are small effectors 
peptides, positively charged, highly abundant and diverse. They are produced 
systemically in the fat body and then secreted into the hemolymph, where they 
accumulate in high concentrations and spread throughout the entire body (Christophides 
et al., 2004; Michel & Kafatos, 2005). 
Although several families of AMPs have been described in Drosophila, in most 
of the insects, two major families stand out: defensins and cecropins. In A. gambiae four 
families of AMPs have been identified: four defensins (Def), four cecropins (Cec), one 
attacin, and one gambicin (Gam) (Christophides et al., 2002). Def are cysteine-rich 
peptides and act mainly against Gram-positive bacteria, whereas the Cec are peptides 
with a -helical structure more effective against Gram-negative bacteria or fungi 




Several of these AMPS have shown antimicrobial activity: Gam and Cec1 have 
a broad spectrum of activity against Gram-type bacteria; Cec1 is active against yeasts 
and Gam is partially lethal in in vitro cultures of ookinetes of P. berghei. Def1 is mainly 
active against Gram-positive and some species of filamentous fungi. In A. gambiae, 
both Rel1 and Rel2 control the expression of Cec1, Gam and Def1 (Christophides et al. 




Melanisation is an immune defence response by which targeted microorganisms 
are involved in a layer of melanin. Melanisation is triggered when the recognition of 
microorganisms activates a CLIP cascade that culminates in the limited proteolysis and 
conversion of inactive prophenoloxidase (PPO) into active phenoloxidase (PO). Two 
tyrosine oxidation pathways, the dopa and dopamine pathways are associated with 
melanisation (Christophides et al., 2004; Yassine & Osta, 2010). 
Parasite melanisation in the vector has been reported in many mosquito–parasite 
combinations but it seems to be dependent on the parasite species and strain. A well-
known example is a refractory A. gambiae strain that melanises several Plasmodium, 
which occurs immediately after crossing of the midgut by the ookinete (Collins et al., 
1986). Although these mosquitoes completely block the development of the primate 
malaria parasite Plasmodium cynomolgi, the rodent parasite P. berghei, and allopatric 
strains of the human parasite P. falciparum, fail to melanise its sympatric populations 
(Christophides et al., 2004; Yassine & Osta, 2010). 
These results suggest that melanisation is not essential for defence against 
Plasmodium and it is also dispensable against bacterial infections, despite the fact that 
bacteria trigger PPO activation in the hemolymph (Schnitger et al., 2007). 
 
IV.3.2.3. Phagocytosis 
Another mechanism of cellular immune response in mosquitoes is the 




haemocytes that recognize, surround and destroy pathogens and apoptotic cells. These 
actions are mediated by PRRs that bind to the particle and trigger intracellular cascades 
leading to its internalization through an actin dependent mechanism (Christophides et 
al., 2004; Yassine & Osta, 2010). 
There are three types of haemocytes that have been characterized in adult 
mosquitoes: the oenocytoids, prohaemocytes and granulocytes which are the only 
phagocytic cells (Castillo et al., 2006). 
In A. gambiae, the phagocytosis of Escherichia coli in an immune-competent 
cell line seems to be promoted by the TEP1, that binds to the bacterial surface through 
the thioester bond, similarly to human-complement factor C3 (Levashina et al., 2001). 
 
IV.3.3. Coagulation 
One of the key differences between vertebrates and arthropods is the fact that 
body fluids in vertebrates are mostly confined to blood and lymphatic vessels whereas 
arthropods have an open circulatory system. Because of that, arthropods had to find 
efficient mechanisms to prevent blood loss and also help in the trapping of microbes 
from entering and spreading throughout the hemocoel, after tissue damage. The 
hemolymph clotting is, therefore, an important mechanism of defence and involves both 
humoral and cellular responses (Dushay, 2009; Loof et al., 2011). The main actors in 
this process are the blood cells and soluble factors secreted by other organs such as the 
liver or the equivalent in insects, the fat body (Loof et al., 2011). 
Clotting has been most studied in two non-insect arthropod species with 
significantly different clotting reactions: freshwater crayfish and the horseshoe crab. In 
crayfish, the clotting system depends on the direct transglutaminase (TG)-mediated 
cross-linking of a specific plasma protein, whereas in horseshoe crab the process is 
regulated by a proteolytic cascade, which is activated by bacterial elicitors through 
specific recognition proteins. Despite the differences between the distinct processes of 
clotting, in both invertebrates and vertebrates, the TGs stand out as the only component 






Transglutaminases (TGs; EC 2.3.2.13) are a family of structurally and 
functionally related enzymes that catalyse Ca2+. They are widely distributed and have 
been identified in all organisms, from unicellular to mammals and plants. This family of 
enzymes is characterized by the lack of glycosylation and disulphide bonds, despite the 
presence of potential N-linked glycosylation sites and almost all TGs require calcium 
for the catalytic activity (Metha, 2005). 
These enzymes are involved in numerous reactions, catalysing irreversible cross-
linking of proteins forming isopeptide bonds between glutamine residues on one protein 
and primary amine groups on other proteins (Lorand & Corand, 1984); enable several 
cellular functions, such as cytoskeletal modifications and attachment to basement 
membrane (Bendixen et al., 1993); and are associated to the mediation of signal 
transduction pathways involved in apoptosis regulation (Im et al., 1997). 
 
Transglutaminases structure 
The structure of TG family is characterized by having four sequential and 
structurally distinct domains: an NH2-terminal -sandwich, a / catalytic core, and 


























Figure 7. Transglutaminase tertiary structure, protein domains, and organization 
(adapted from Iismaa et al., 2009). 
GDP and the reactive gluten-peptide mimic inhibitor Ac-P(DON)LPF-NH2 are shown 
as black lines.  
The domain NH2-terminal -sandwich consists of an initial flexible loop, the 
/ catalytic core domain folds in two additional -strands which move downwards and 
upwards along the surface of the core domain, containing the amino acids Ser171 and 
Lys173 that are involved in GTP (guanosine triphosphate) binding, and have four 
additional β-structures and four α-helices. The three first helices form a triangular 
arrangement forming the catalytic centre, and the forth helix is close to the very end of 
the core domain and contains the amino acids involved in the main Ca2+ binding region. 
Since the active centre of the enzyme is located deep in the / catalytic core domain, it 
isn’t able to contact with substrates due to overlapping of the COOH-terminal 1 and 2-
barrel domains (Beninati & Piacentini, 2004). Both of these domains are arranged as 
antiparallel -barrels and are composed of six  strands and one  turn (COOH-terminal 
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domains). These C-terminal domains are important in regulating both transamidating 
activity and GTPase (and ATPase) activity (Griffin et al., 2002). 
TGs present different conformations in presence / absent of Ca2+, as shown in 
figure 7. In the absence of Ca2+ , the TG assume a compact conformation, with the 
domains NH2-terminal -sandwich and the two COOH-terminal -barrel bent forming 
structures-β, and the / domain presents a α-helical secondary structure (Griffin et al., 
2002; Iismaa et al., 2009). On the other hand, in the presence of Ca2+ , the enzyme 
undergoes a conformational change and has an extended structure, becoming active 
(Griffin et al., 2002; Iismaa et al., 2009). 
 
Distribution of Transglutaminases  
Transglutaminases have been identified in several organisms as microorganisms, 
algae, plants, invertebrates, amphibians, fish, birds or mammals and in various tissues or 
body fluids. 
In humans nine distinct TG were identified, but despite the overall primary 
structure appear to be different; they all share the same amino acid sequence at the 
active site. They are involved in different functions, as apoptosis, cell adhesion, and 
blood clotting, between other; and have a different distribution (Metha, 2005). Table 2 
resumes the principal features of the nine human TG, which are common to the TG of 











Table 2: Main characteristics of the nine human TG (Adapted from Metha, 
2005). 
Protein Main functions Distribution Alternate names 
TG1 









Apoptosis, cell adhesion, 
matrix stabilization, cell-
survival signalling 
Widely distributed in many 
tissues; cytosolic, nuclear, 
membrane, extracellular 
Tissue TG, TGc, 




Cell envelope formation 
during keratinocyte 
differentiation 
Hair follicle, epidermis, 
brain 
TGE, callus TG, 
hair follicle TG, 
bovine snout TG 
TG4 
Reproduction especially in 
rodents as a result of semen 
coagulation 
Prostate 





protein 1 (DP1) 
TG5 




epithelial barrier lining and 
skeletal muscular striatum 
TGX 
TG6 Not known Testis and lung TGY 
TG7 Not known 
Ubiquitous but 




Blood clotting, wound 











Major component in 
erythrocyte skeletal network
Erythrocyte membranes, 










TGs were also described in crustaceans where these enzymes are mainly 
involved in the plasma clotting reaction (Hall et al., 1999; Wang et al., 2001). In the 
horseshoe crab, the TG is located in the amoebocytes and promotes the cross-linking of 
the cell surface proxin to coagulin, whereas in crayfish and in some species of shrimp, 
the TG is located in haemocytes and catalyses the cross-linking of the clotting protein 
(Yeh et al., 1999; Wang et al., 2001). Most recently, studies found that TG of horseshoe 
crab is involved in the host defence in the cuticle by cross-linking Caraxin-1, a 
component of cuticle, into a stable mesh, which promotes wound healing (Matsuda et 
al., 2007). 
In Drosophila sp., TG is encoded by a single gene and is expressed both in 
haemocytes and in the fat body (Lindgren et al., 2008). This TG has an immune defence 
function. The immune response is almost instantaneous and starts when an intruder 
enters into contact with the hemolymph, leading to the formation of small aggregates, 
causing the sequestration of the intruders. 
Anopheles gambiae mosquitoes have three genes encoding TG1, 2 and 3 
(AGAP009100, AGAP009098 and AGAP009099, respectively) that are grouped in the 
chromosome 3R. The AgTG3 is expressed exclusively in the male accessory glands 
(MAGs), while the other two are ubiquitous at a much lower levels. These results 
suggest that AgTG3 is the main responsible for the TG activity detected in the MAGs, 
being together with the Plugin, responsible for the clot of the MAGs secretions (Rogers 
et al., 2009).  
AgTG1 and AgTG2 seems to be associated with coagulation/wound healing, 
however, little is known about its structure and location. Silveira et al. (2012) in a study 
where a TG inhibitor was injected in mosquitoes infected with P. berghei, showed an 
increasing in the rate of infection and in the oocyst load. These results suggest that the 
chemical inhibition of transglutaminase activity leads to significantly increased 
infection. Nsango et al. (2013) also showed that the AgTG2 restricts development of 
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Aims of this thesis 
 
Malaria continues to be one of the main global public health problems, affecting 
mainly the poorest areas of the world. Malaria system is very complex with many 
intervening and interacting factors, namely three biological entities, environmental and 
socio-economic conditions. A comprehensive analysis which may integrate all of these 
factors is hard, if not totally impossible, and the majority of the studies so far have been 
addressing only small pieces of the puzzle. However, it is our belief that a strong effort 
should be made to approach the problem in a comprehensive way. Transmission of 
Plasmodium parasites by their anopheline vectors is a crucial factor determining the 
epidemiology of malaria in endemic areas. A better knowledge of the dynamics of 
transmission would provide further insights in planning and assessing the impact of 
current and future control strategies. 
Besides, another key feature in human malaria epidemiology is parasite 
diversity, in terms of species or within species populations (different genotypes). In 
endemic areas, the simultaneous presence of more than one Plasmodium species or 
population both in human and vector hosts is common and these different parasite 
populations can interact between them, affecting transmission or being a source of 
selection on pathogen traits such as drug resistance. 
The present work aimed to analyse this complex system, studying the population 
diversity of Plasmodium sp andcomparing parasite populations (Plasmodium species 
and P. falciparum and P. vivax genotypes) circulating in the mosquito vector and human 
hosts in the same area at the household level. 
In addition, the mosquito vector by the activation of a number of defence 
mechanisms, control malaria infection by limiting the number of parasites during the 
sporogonic cycle. In fact, it also may act as a source of selection on parasite traits or on 
the other way round, parasite diversity may have some effect on the establishment of the 
immune response. 
Therefore, in order to get some insights on the above questions, the following 




Specific objectives  
1 – To characterise circulating populations of parasites in both hosts - human and 
mosquitoes, both regarding  Plasmodium species and P. falciparum and P. vivax 
populations (merging data from surface antigen coding-genes, microsatellite analysis 
and drug resistance markers); 
2 – To analyse selective pressures acting on antimalarial resistance associated P. 
falciparum genes (inferring on origin and spread of mutations). 
3 – To analyse the genetic diversity of two genes of Anopheles gambiae s.s. - 
transglutaminase 1 and 2 genes, inferring their putative effect on the presence / absence 
of infection. 
4 – Finally, to contribute to the description of malaria epidemiology in mainland 
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Abstract
Background: In Plasmodium, the high level of genetic diversity and the interactions established by co-infecting
parasite populations within the same host may be a source of selection on pathogen virulence and drug resistance.
As different patterns have already been described in humans and mosquitoes, parasite diversity and population
structure should be studied in both hosts to properly assess their effects on infection and transmission dynamics.
This study aimed to characterize the circulating populations of Plasmodium spp and Plasmodium falciparum from a
combined set of human blood and mosquito samples gathered in mainland Equatorial Guinea. Further, the origin and
evolution of anti-malarial resistance in this area, where malaria remains a major public health problem were traced.
Methods: Plasmodium species infecting humans and mosquitoes were identified by nested-PCR of chelex-extracted
DNA from dried blood spot samples and mosquitoes. Analysis of Pfmsp2 gene, anti-malarial-resistance associated
genes, Pfdhps, Pfdhfr, Pfcrt and Pfmdr1, neutral microsatellites (STR) loci and Pfdhfr and Pfdhps flanking STR was
undertaken to evaluate P. falciparum diversity.
Results: Prevalence of infection remains high in mainland Equatorial Guinea. No differences in parasite formula or
significant genetic differentiation were seen in the parasite populations in both human and mosquito samples. Point
mutations in all genes associated with anti-malarial resistance were highly prevalent. A high prevalence was observed
for the Pfdhfr triple mutant in particular, associated with pyrimethamine resistance.
Analysis of Pfdhps and Pfdhfr flanking STR revealed a decrease in the genetic diversity. This finding along with multiple
independent introductions of Pfdhps mutant haplotypes suggest a soft selective sweep and an increased differentiation
at Pfdhfr flanking microsatellites hints a model of positive directional selection for this gene.
Conclusions: Chloroquine is no longer recommended for malaria treatment in Equatorial Guinea but sulphadoxine-
pyrimethamine (SP) remains in use in combination with artesunate and is the only drug recommended in preventive
chemotherapy in pregnancy. The high prevalence of point mutations in Pfdhfr and Pfdhps points to the danger of an
eventual reduction in the efficacy of SP combined therapy in P. falciparum populations in Equatorial Guinea and to the
essential continuous monitoring of these two genes.
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Background
Malaria continues to be one of the main public health
problems in the world, affecting 106 countries, with ap-
proximately 216 million cases resulting in 650,000 yearly
deaths [1]. This parasitic disease involves three living
entities with complex interactions among them and trans-
mission of Plasmodium parasites by their anopheline vec-
tors is a crucial factor determining the epidemiology of
malaria in endemic areas.
The level of genetic diversity of natural populations
of Plasmodium is well demonstrated and both inter-
and intra-specific mixed infections in the same host are
common, especially in highly endemic areas [2]. The
ecological interactions that these different and co-infecting
parasite populations establish among them may be a
source of selection on pathogen traits such as virulence
and drug resistance.
Parasite genetic diversity and population structure in
both humans and mosquitoes should be assessed in order
to better determine the influence of different parasite
populations on infection and transmission dynamics. In
fact, both different associations of Plasmodium species
as well as marked differences in the multiplicity of infec-
tion and allele diversity of Plasmodium falciparum pop-
ulations were previously reported [3]. Furthermore, a
recent analysis of both human peripheral blood samples
and mosquitoes from the same location has revealed a
completely unexpected picture related to the presence
of Plasmodium vivax in an area where it had not yet
been reported [4]. Differences have also been found in
drug-resistant associated genes. In Gabon, Mharakurwa
et al [5] reported that parasites in humans presented
high levels of pyrimethamine (PYR)-resistant mutants,
whereas parasites in Anopheles mosquitoes showed high
levels of cycloguanil-resistant mutants.
For a period of time, the genetic diversity of P. falciparum
populations has mainly been investigated through the
analysis of mutation in polymorphic surface antigen coding
genes [6,7]. However, this approach poses some limitations
as it is impossible to know whether observed patterns
reflect population history or natural selection [8]. Micro-
satellite sequences (STR), spread throughout the genome,
are currently the neutral markers most commonly used
to differentiate P. falciparum populations as these markers
(short repeated nucleotide sequences) often present high
levels of inter- and intra-specific polymorphism, particu-
larly when the number of repetition is 10 or higher.
In Equatorial Guinea, malaria remains the major en-
demic disease and the leading cause of child mortality
and morbidity. In recent years, the prevalence of infec-
tion has been reduced significantly on the Insular Region
due to an effective vector control [1,9] whilst the preva-
lence of infection remains above 50% in children under
five years old in mainland region [10]. Along with the high
prevalence of infection, the dissemination of P. falciparum
drug resistance still remains the main constraint to control
malaria transmission in most endemic areas. Anti-malarial
resistance has largely been studied through the analysis
of mutations on several target genes associated with
resistance to specific drugs, e g, Pfcrt [11] and Pfmdr1
[12] linked to chloroquine (CQ) resistance; and Pfdhfr
[13] and Pfdhps genes [14] associated with resistance to
pyrimethamine (PYR) and sulphadoxine (SFX), respectively.
Increasing failure rates (40-50%) for CQ and around
25% resistance to sulphadoxine/pyrimethamine (SP) in
under-five children was reported in 2003 in Malabo, the
capital city of Equatorial Guinea located in the island of
Bioko [15]. Nevertheless, CQ continued to be used in
mainland region as the first-line treatment for uncom-
plicated malaria until 2009, and had been replaced by
artesunate + sulphadoxine/pyrimethamine (AS+SP) com-
bination on the island of Bioko in 2004 [16]. In 2009,
artemisinin combination therapy (ACT) of artesunate/
amodiaquine (AS/AQ) was adopted as first-line therapy
based on the high levels of resistance to SP in neighbouring
countries. More recently, a study conducted in Bata, the
largest city in the mainland region, and Malabo revealed
that AS/SP and AQ/SP combinations were both highly
effective for the treatment of uncomplicated P. falciparum
malaria [16]. SP is still prescribed alone for intermittent
preventive therapy in pregnant women [17].
This study aimed to characterize the circulating popu-
lations of Plasmodium spp and P. falciparum from a
combined set of human blood and mosquito samples
collected in both coastal and inland villages from main-
land Equatorial Guinea. Plasmodium falciparum diver-
sity was analysed through the study of an antigen coding
gene (Pfmsp2) as well as a set of neutral STR loci and
four anti-malarial resistant associated genes (Pfcrt, Pfmdr1,
Pfdhfr and Pfdhps). Finally, to trace the origin of anti-
malarial resistance and its progression in this area, the
presence of signatures of drug resistant selection in
P. falciparum populations were investigated. The impact
of these findings on control policies, especially the avoid-
ance of dissemination of P. falciparum drug-resistant par-
asites in Equatorial Guinea, is discussed.
Methods
Sample collection
Peripheral blood samples from 97 inhabitants (zero to
78 years-old) were collected in 2005 in mainland Equatorial
Guinea during the dry (February and August) and rainy
(May) seasons from two villages, Miyobo (34 and 43
individuals in the dry and rainy seasons, respectively;
44 different individuals in total) and Ngonamanga (40 and
26 individuals in the dry and rainy seasons, respectively;
53 different individuals in total). Blood sampling has
been performed in four consecutive days per individual,




in order to better assess variations in the P. falciparum
population’s composition. Further, 819 mosquito speci-
mens were also collected during the same period and
locations. Miyobo is located in a forested area on the
riverbank of the Wele River, which crosses the main-
land region from east to west. Ngonamanga is a coastal
village surrounded by forest-savannah, 60 km north of
Bata. In both, malaria is classified as hyperendemic. Both
study areas and sample collection procedures have been
described elsewhere [4].
Villagers were informed of the nature and aims of the
study and voluntary participation of five households ran-
domly selected by location was requested after approval
of local authorities. Blood samples were collected after
informed consent was received from all donors (parents
or guardians responded on behalf of children). Mosquito
collection was done after the approval of local author-
ities, the owner and occupants of the house. Written
consent was obtained from the legal guardians of the
recruited children and non-documented, oral consent was
only requested from adults, due to the community-wide
mistrust of signing official forms. The study was approved
by the Ethical Committee of Equatorial Guinea’s Ministry
of Health and Social Welfare, the National Malaria
Control Programme, and local health authorities from
the villages, which accepted the constraint and found
no bio-ethical impediments to the study. Ethical clear-
ance was also given by the Ethical Committees of the
Instituto de Higiene e Medicina Tropical (Lisboa, Portugal)
and the Instituto de Salud Carlos III (Madrid, Spain),
according to EU regulations.
DNA extraction and molecular assays
Individual mosquitoes, dried on silica gel, and blood spot
samples were stored at room temperature until DNA
preparation. DNA was extracted using chelex according
to Plowe et al [18] from blood spots and to Arez et al
[19] from mosquitoes.
Detection of malaria infection and identification of
Plasmodium species was carried out by nested-PCR ampli-
fication of the ssrRNA genes [20]. Plasmodium falciparum
positive samples were further genotyped for:
a) Pfmsp2 gene by a nested-PCR as in Snounou et al [21];
b) Drug resistant associated genes by a nested PCR-RFLP
analysis of the presence/absence of mutations at
codons 75 and 76 of the Pfcrt gene, codons 86 and
1246 of the Pfmdr1 gene, codons 51, 59, 108 and 164
of the Pfdhfr gene and codons 436, 437, 540 and 581
of the Pfdhps gene [22],
c) Nine neutral microsatellite loci (STR) distributed
throughout the genome of P. falciparum: TAA42,
TAA81 (chromosome 5), TA1, TAA87, TAA109
(chromosome 6), ARA2 (chromosome 11), TA102,
PfPK2 and Pfg377 (chromosome 12). Primer
sequences and PCR conditions are described in
Anderson et al [23] and Conway et al [24];
d) STRs flanking Pfdhfr and Pfdhps genes located
0.3 kb, 4.4 kb and 5.3 kb upstream of codon 108 of
Pfdhfr (chromosome 4) and 0.8 kb, 4.3 kb and 7.7 kb
downstream from codon 437 of Pfdhps
(chromosome 8). Primer sequences and PCR
conditions are described in Roper et al [25],
Ndiaye et al [26] and Salgueiro et al [27].
Southeast Asian P. falciparum K1 laboratory strain
was used as reference (at STRs flanking the Pfdhps
gene, the allelic composition of the K1 strain
matches that of the East African Pfdhps double
mutant A437G/K540E haplotype lineage SGE 1 [28]).
Amplified fragments were run in an automatic sequen-
cer (ABI 3730, Applied Biosystem) at Yale University,
DNA Analysis Facility on Science Hill. The software
GeneMarker (SoftGenetics) was used to measure allele
sizes. Samples that failed the amplification in any of the
loci or presented multiple STR peaks were excluded for
the haplotype definition [25]. A new haplotype was con-
sidered when there was one or more allelic changes
across all loci considered. For the remaining analyses, in
cases where multiple peaks were present, only the value
of the highest peak per locus was scored [8].
Statistical analysis
Pearson χ2 test was used to compare prevalence of infec-
tion between collection sites, seasons and hosts. Whenever
Pearson χ2 test conditions were not satisfied, Fisher’s exact
test was used (SPSS v.12 statistical software). Pearson’s χ2
test was also used to assess possible associations between
Plasmodium species [29].
Prevalence of Pfmsp2 alleles and the minimum num-
ber of concurrent genotypes in the same isolate (multi-
plicity of infection (MOI): the largest number of alleles
found in each sample) were calculated for all comparison
groups; mosquitoes versus blood samples, Miyobo versus
Ngonamanga and rainy season versus dry season.
STR data was analysed with FSTAT v. 2.9.3.2 [30] to
obtain measures of genetic diversity [allelic richness Rs:
a measure of the number of alleles independent of sample
size, hence allowing to compare this quantity between dif-
ferent sample sizes; and expected heterozygosity He per
locus and sample: this use an unbiased estimator Hs,
which is calculated from individual allele frequencies and
range from zero (no heterozygosity) to nearly 1.0 (for a
system with a large number of equally frequent alleles)]
and genetic differentiation using the Fst estimator. Linkage
disequilibrium (LD) tests were performed with GENEPOP
v.3.4 [31].
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After the assessment of PYR- and SFX-associated
wild type (or sensitive) and mutant alleles, comparisons
were made between populations classified as “wild type”,
“single mutant” (Pfdhfr: 51 or 59 or 108 or 164; Pfdhps:
436 or 437 or 540 or 581), “double mutant” (Pfdhfr:
51:108 or 59:108 or 51:59 or 51:164; Pfdhps: 436:581 or
437:581 or 540:581), “triple mutant” (Pfdhfr: 51:59:108
or 59:108:164 or 51:59:164, Pfdhps: 436:437:581 or
436:540:581), “quadruple mutant” (Pfdhfr: 51:59:108:164,
Pfdhps 436:437:540:581). However this was not always
possible due to the low number of samples in some
groups, so that only the whole sample was subdivided and
compared according to geographic collection sites.
In multiple tests, Bonferroni correction was applied by
dividing 0.05 by the number of tests to minimize type I
errors and obtain the actual cut-off for significance [32].
Results
Detection and identification of Plasmodium species
A total of 427 blood samples from 97 individuals were
collected in both villages and seasons (44 individuals
from Miyobo and 53 from Ngonamanga). A total of 819
mosquitoes were collected (509 from Miyobo and 310
from Ngonamanga), 536 belonging to Anopheles
gambiae complex, 259 belonging to Anopheles nili com-
plex (presumably Anopheles carnevalei), three to Anoph-
eles funestus complex and 21 Anopheles moucheti
moucheti.
In order to determine prevalence of infection, an indi-
vidual was defined as infected if he/she had at least one
positive sample among the multiple samples collected;
therefore, only one sample was considered per individual
and all calculations were performed having the number
of individuals as denominator. Overall, prevalence of
Plasmodium spp infection in humans was 93% in Miyobo
and 81% in Ngonamanga, and was higher in the dry
season (69%) than in the rainy (67%). In mosquitoes, the
prevalence of infection was slightly higher in Ngonamanga
(20%) than Miyobo (19%) and in the rainy season (22%)
than in the dry season (16%). Although the four Plasmo-
dium species were detected in both hosts, P. falciparum
was the predominant species occurring in 90% of the iso-
lates (both humans and mosquitoes) either in single or
mixed infection (see Additional files 1 and 2). In humans,
Plasmodium malariae was the second most prevalent
species, occurring in 13% of individuals, followed by
P. vivax (10%) and finally Plasmodium ovale (8%) (see
Additional file 1). In mosquitoes, P. vivax was the second
most prevalent species (9%), followed by P. malariae (4%)
and P. ovale (2%) (see Additional file 2). A significantly
higher number than expected of mixed infections with
P. falciparum and P. malariae in both hosts (blood sam-
ples: χ2=8.973, p=0.003; mosquitoes: χ2=15.745, p<0.001)
was found. No association was found for the pair P. falcip-
arum and P. vivax.
Plasmodium falciparum genetic diversity
Pfmsp2
Plasmodium falciparum was detected in 302 out of
the 427 samples collected and successful genotyping of
Pfmsp2 gene was achieved in 73% (221/302) P. falciparum-
positive blood samples and none in the 275 P. falciparum-
positive mosquitoes. The unsuccessful amplification of
Pfmsp2 in mosquitoes was probably due to degradation
of parasite DNA in dried mosquitoes stored at room
temperature for a long period of time.
No major differences in allelic diversity were detected
between seasons or villages, which shared 11 out of 13
alleles; two unique alleles were detected in Ngonamanga
in dry season (IC_400 and IC_700) and only one was
observed in the rainy season (FC27_250) in both vil-
lages. The mean MOI was slightly higher in Miyobo
than in Ngonamanga; 1.98 versus 1.83, respectively, and
varied between 1.46 (Ngonamanga, rainy season) and 2.19
(Ngonamanga, dry season). When values are compared
between villages without season distinction, mean MOI
was slightly higher in Miyobo than in Ngonamanga (1.98
versus 1.83, respectively) and it was higher in the dry sea-
son in Ngonamanga (dry versus rainy: 2.19 versus 1.46),
while the opposite occurred in Miyobo (dry versus rainy:
1.88 versus 2.07).
Neutral STRs loci
Ninety-nine per cent (299/302) P. falciparum-positive
blood samples and 83% (228/275) P. falciparum-positive
mosquitoes were successfully genotyped. The number of
observed alleles (Na), allelic richness (Rs) and genetic di-
versity (uH) are shown in Table 1. All nine STR analysed
were polymorphic and the number of alleles varied be-
tween seven in Pfg377 and 17 in TA109 in human sam-
ples, and six in TA42 and 18 in TA109 in mosquitoes. The
majority of samples presented multiple P. falciparum ge-
notypes but in general, the most common alleles are
shared between parasite populations present in humans
and mosquitoes. Genetic diversity (uH) also presented
similar values; 0.75 versus 0.77, in humans and mosqui-
toes, respectively, as well as the number of alleles for each
locus; 12 versus 11, in humans and mosquitoes respectively
(see Table 1).
MOI varied between 1.62 (Miyobo, dry season, mos-
quitoes) and 2.25 (Ngonamanga, dry season, humans)
and tended to be higher in humans than in mosquitoes
(2.09 versus 1.80, respectively). When values are com-
pared between villages without season distinction, mean
MOI in humans was slightly higher in Ngonamanga (2.07)
than in Miyobo (2.11), and conversely in mosquitoes;




1.69 and 1.91, Ngonamanga and Miyobo respectively. No
significant genetic differentiation was observed among all
study groups.
Drug resistant associated genes
SNPs: Pfcrt, Pfmdr1, Pfdhfr and Pfdhps
No major differences in the prevalence of mutant alleles
were found among villages or seasons for any of the
genes. Regarding Pfcrt and Pfmdr1 genes associated with
CQ resistance, the prevalence of the Pfcrt mutant alleles
(N75E and K76T), present in single or mixed infection,
was 56% and 72% in humans and 64% and 54% in
mosquitoes; and a much higher prevalence of mutation
in codon N86Y (84% and 61%, in humans and mosqui-
toes, respectively) than in D1246Y (1% in both hosts)
was found in Pfmdr1 gene (see Additional file 3). Re-
garding Pfdhfr gene, mutations N51I, C59R and S108N,
associated with PYR resistance, presented prevalence,
when in single or mixed infection, of 73%, 85%, 93% in
humans and 81%, 81%, 95% in mosquitoes, respectively.
The codon I164L was found in very low frequency (15%
in humans and 0 in mosquitoes) (see Figure 1 and
Additional file 3). While in Miyobo the double mutation
(C59R/S108N) was the most prevalent in Ngonamanga
Table 1 Neutral microsatellite diversity of Plasmodium falciparum populations from Ngonamanga and Miyobo in
humans and mosquitoes
n TA1 TA102 ARA2 TA87 Pfk2 TA81 TA42 Pfg377 TA109 Mean
Humans TBs 299 Na 13 12 9 15 14 11 14 7 17 12
Rs 12 11 8 12 13 10 10 5 13 10
uH 0.852 0.832 0.787 0.838 0.877 0.829 0.344 0.612 0.799 0.75
BsM 195 Na 11 11 9 14 12 11 7 7 15 11
Rs 10 9 8 9 10 9 5 5 9 8
uH 0.846 0.848 0.771 0.829 0.857 0.792 0.293 0.642 0.811 0.74
BsN 104 Na 11 8 8 9 11 10 11 5 9 9
Rs 10 7 8 8 11 10 7 5 7 8
uH 0.859 0.771 0.809 0.844 0.877 0.868 0.424 0.531 0.747 0.75
BsW 141 Na 10 11 7 13 12 11 8 5 9 10
Rs 9 10 7 10 11 10 6 5 8 8
uH 0.819 0.854 0.797 0.840 0.874 0.851 0.307 0.634 0.805 0.753
BsD 158 Na 11 10 9 11 12 10 11 7 13 10
Rs 10 8 8 9 11 9 8 5 9 9
uH 0.866 0.817 0.766 0.841 0.871 0.798 0.375 0.592 0.788 0.746
Mosquitoes TMq 228 Na 13 12 8 11 12 10 6 8 18 11
Rs 12 12 8 11 12 10 6 7 16 10
uH 0.88 0.874 0.810 0.849 0.833 0.779 0.365 0.712 0.869 0.77
MqM 130 Na 12 11 7 9 12 9 6 6 15 10
Rs 10 11 7 8 10 8 6 5 13 9
uH 0.851 0.870 0.780 0.845 0.845 0.753 0.462 0.713 0.848 0.77
MqN 98 Na 9 7 7 8 8 8 3 6 14 8
Rs 9 7 7 8 8 8 3 6 11 7
uH 0.862 0.815 0.760 0.814 0.816 0.747 0.191 0.718 0.837 0.73
MqW 86 Na 11 11 5 9 12 9 6 7 8 9
Rs 10 11 5 9 11 9 6 6 8 8
uH 0.882 0.904 0.741 0.823 0.846 0.774 0.428 0.717 0.808 0.769
MqD 142 Na 10 7 8 9 10 8 4 5 17 9
Rs 10 7 8 9 10 8 4 5 14 8
uH 0.873 0.796 0.834 0.826 0.825 0.788 0.300 0.713 0.873 0.758
n: sample size; TBs: total of blood samples; BsM: Blood samples from Miyobo; BsN: Blood samples from Ngonamanga; BsW: Blood samples wet season; BsD:
Blood samples dry season; TMq: total mosquitoes; MqM: Mosquitoes from Miyobo; MqN: Mosquitoes from Ngonamanga; MqW: Mosquitoes wet season; MqD:
Mosquitoes dry season; Na: number of observed alleles; Rs: allelic richness; uH: unbiased estimation of genetic diversity.
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most samples contained the triple mutation (N51I/C59R/
S108N).
Mutations A437G and A581G in Pfdhps gene associ-
ated with SFX resistance were detected at very high
prevalence, the latter reaching 100%, whereas a very low
prevalence of codon K540E was found (1% in humans
and 6% in mosquitoes only in mixed infections)
(see Figure 1 and Additional file 3). Mutation S436A
occurred in 38% in humans and 14% in mosquitoes.
When comparing the two villages, no major differences
were found in mosquitoes, and the prevalence of mutant
alleles were: 12% in Ngonamanga and 20% in Miyobo,
unlike in humans where the prevalence of this mutation
was higher in Ngonamanga (51%) than in Miyobo
(31%).
Most samples presented the double mutation (A437G/
A581G), but many samples (approximately 38%) containing
the triple mutation (A436/G437/G581) were identified
in Ngonamanga.
Despite the high prevalence of resistance-associated mu-
tations in Pfdhfr and Pfdhps, no parasites containing the
quintuple mutation (N51I/C59R/S108N/A437G/K540E)
associated with the clinical failure of SP combination
were found.
STR loci flanking Pfdhfr and Pfdhps genes
The analysis using the STR flanking Pfdhfr and Pfdhps
genes was only conducted in human isolates, since the




Figure 1 Total prevalence of mutations in the eight codons of Pfdhfr and Pfdhps genes. Legend: Prevalence of mutations in the Pfdhfr
(N51I, C59R, S108N, I164L) and Pfdhps (S436A, A437G, K540, 581G), in single (wild type or mutant) and mixed infections in both seasons and
localities in humans (a) and mosquitoes (b).




Genetic diversity and linkage disequilibrium
The effect of SP selection on the P. falciparum popula-
tion of Equatorial Guinea was evaluated by examining
and comparing the levels of genetic diversity, LD and
genetic differentiation between the Pfdhfr and Pfdhps
flanking and neutral STR loci. Overall, genetic diversity
estimated at neutral loci (He = 0.75; Rs = 14; N =244)
was higher than at loci flanking both Pfdhfr (He = 0.15;
Rs = 8; N =189) and Pfdhps (He = 0.80; Rs = 12; N = 189)
genes (see Tables 2 and 3). In parasites holding Pfdhfr re-
sistance associated alleles, triple mutants showed lower
levels of genetic diversity (0.11) when compared to the
single (0.36) and double mutants (0.21) (see Table 2).
The mean He at three Pfdhfr loci was 0.22, which was
much lower when compared to the mean He at 9 neu-
tral loci (0.74) (see Table 2).
The reduction in the genetic diversity is not so marked
in Pfdhps as in Pfdhfr. When double mutants and triple
mutants are compared, there is a slight decrease in gen-
etic diversity (He=0.81 for double versus He=0.67 for
triple mutants) but values are still similar and high (see
Table 3). Statistical tests for LD were conducted for all
pairs of flanking STR on each of the mutant groups –
single, double and triple mutants (105 possible tests for
Pfdhfr and 316 for Pfdhps). Only two associations showed
significant results (p <0.05), after Bonferroni’s correction
was applied, in the Pfdhps double mutants group, involv-
ing loci 0.8 kb/4.3 kb and 4.3 kb/7.7 kb. No significant
pairwise association was found involving the Pfdhfr gene.
Pfdhfr and Pfdhps haplotype characterization
Only samples with single infections and successful
amplification of all loci were used for the haplotype
characterization. Thus, haplotypes were reconstructed
in 57 out of 298 human isolates genotyped for Pfdhfr and
in 35 out of 296 human isolates genotyped for Pfdhps. For
the Pfdhfr gene, nine distinct haplotypes were found (see
Additional file 4). The haplotype H9, an exact match of
the P. falciparum K1 strain used as a control (double
mutation C59R/S108N and allele sizes of 113 bp, 183 bp
and 210 bp to the 0.3 kb, 4.4 kb and 5.3 kb loci, respect-
ively), was found in 10 samples from Miyobo. Most fre-
quent haplotypes in 53 out of 57 samples (H1, H3, H5,
H8) also matched STR sizes in K1 strain.
The majority of samples from Ngonamanga (97%) showed
the triple-mutant IRNI (51I:59R:108N:164I – mutated
codons appear underlined), while in Miyobo the most
prevalent haplotype was the double-mutant NRNI (51N:
59R:108N:164I) (43%) followed by the triple-mutant IRNI
with 26% (see Additional file 4).
Regarding the Pfdhps gene, 25 distinct haplotypes were
found (see Additional file 5); 16 in Miyobo and nine in
Ngonamanga, only one shared between the two villages.
None of the haplotypes found matches with K1 strain
(single mutation A437G and allele sizes of 131 bp, 103 bp
and 108 bp to the 0.8 kb, 4.3 kb and 7.7 kb loci, respect-
ively). The haplotypes found for the Pfdhps gene have
multiple independent lineages since the majority of the
haplotypes were unique. Nevertheless, the most prevalent
haplotype in Ngonamanga was the triple-mutant AGKG
(436A:437G:540K:581G) with 38%, whilst in Miyobo it was
the double-mutant SGKG (436S:437G:540 K:581G) (63%).
Discussion
Malaria still is a major public health concern in Equator-
ial Guinea, especially in the mainland. In order to con-
tribute to the update of the malaria situation in this
area, a combined set of blood and mosquito samples
from the same locations were analysed to characterize
the genetic diversity of circulating populations of Plas-
modium spp and especially of P. falciparum, in both
hosts.
Plasmodium species diversity
This study presents a much higher prevalence of Plasmo-
dium infection in mainland Equatorial Guinea (87%) than
the one reported for the Insular Region in 2005 (32%)
[33]. This difference is likely due to the fact that most mal-
aria control activities have been deployed on the island of
Bioko where the capital, Malabo is located. In 2004, the
first stage of the project “The Bioko Island Malaria Con-
trol Project (BIMCP)” was launched and initial reports
stated a significant decrease in the prevalence of infection,
achieving an overall malaria prevalence of 18% in 2008
[10,34]. In the present study, although P. falciparum infec-
tions were the most frequent, P. vivax infections were
detected for the first time both in humans and mosqui-
toes, which means that active transmission of this species
not previously reported in this area is occurring. The
apparent higher presence of P. vivax in mosquitoes
might be due to its higher visibility in the vector, since
in the human host this parasite can form dormant
forms in the liver – hypnozoites - and go unnoticed,
as discussed in [4].
Regarding mixed infections, P. falciparum and P. malariae
are also associated in mainland Equatorial Guinea, as has
been reported in other sub-Saharan countries [3,35-39].
This association was observed both in humans and
mosquitoes, which suggests that no differing patterns of
Plasmodium species association in the two hosts occurs
as has formerly been reported in Guinea Bissau [3].
Plasmodium falciparum genetic diversity
Concerning P. falciparum genetic diversity, the analysis
of both Pfmsp2 and neutral STR in humans showed
similar levels of allelic diversity and MOI in both villages
and seasons. No reduction of genotype diversity or MOI
was observed with the decline of transmission, as seen
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Table 2 Statistics of the 15 STR loci of Plasmodium falciparum-positive individuals: mutants to PYR
Microsatellites
Sampled populations - Miyobo Sampled populations - Ngonamanga
Single mutant Double mutant Triple mutant All samples Triple mutant
(N=10) (N=37) (N=17) (N=64) (N=82)
Rs He Rs He Rs He Rs He FST P Rs He
Loci flanking dhfr gene Dhfr 0.3 3 0.51 3 0.32 2 0.15 3 0.33 0.02 NS 7 0.26
Dhfr 4.4 1 0.00 2 0.14 2 0.17 2 0.10 −0.04 NS 3 0.10
Dhfr 5.3 3 0.56 2 0.18 1 0.00 2 0.24 0.10 0.03 3 0.08
All loci 2 0.36 2 0.21 2 0.11 2 0.22 0.03 0.05 4 0.15
Neutral loci TA1 4 0.82 5 0.83 6 0.89 6 0.85 0.04 0.04 12 0.87
TA102 4 0.64 7 0.88 5 0.84 6 0.79 0.03 NS 8 0.78
ARA2 4 0.69 5 0.77 6 0.79 5 0.75 −0.03 NS 9 0.81
TA87 4 0.87 6 0.85 5 0.81 6 0.84 0.01 NS 9 0.84
PfPK2 5 0.93 6 0.86 5 0.85 6 0.88 −0.03 NS 12 0.87
TA81 4 0.87 5 0.81 4 0.71 5 0.80 −0.04 NS 10 0.87
TA42 3 0.60 2 0.11 2 0.28 2 0.32 0.06 NS 8 0.36
Pfg377 3 0.67 3 0.56 3 0.65 3 0.62 −0.04 NS 7 0.55
TA109 5 0.86 5 0.80 4 0.79 5 0.82 0.04 0.03 8 0.75
All loci 4 0.77 5 0.72 4 0.73 5 0.74 <0.01 NS 9 0.74
N: number of isolates genotyped, He: expected heterozygosity; Rs: allelic richness. All loci: mean over loci Rs and He and global Fst over loci as calculated by FSTAT. P: P-values of permutation tests to assess



















Table 3 Statistics of the 15 STR loci of Plasmodium falciparum-positive individuals: mutants to SFX
Microsatellites





All samples (N=60) Double mutant Triple mutant All samples (N=85)
(N=63) (N=22)
(N=17) (N=43)
Rs He Rs He Rs He FST P Rs He Rs He Rs He FST P
Loci flanking dhps gene Dhps 0.8 4 0.60 5 0.75 5 0.67 0.02 NS 9 0.81 5 0.64 9 0.73 0.06 0.01
Dhps 4.3 6 0.83 5 0.77 6 0.80 <0.01 NS 7 0.78 4 0.71 7 0.75 0.13 <0.01
Dhps 7.7 6 0.79 7 0.84 8 0.82 0.09 <0.01 10 0.85 6 0.67 10 0.76 0.14 <0.01
All loci 5 0.74 6 0.79 6 0.76 0.04 <0.01 9 0.81 5 0.67 9 0.74 0.11 <0.01
Neutral loci TA1 5 0.79 8 0.87 8 0.83 0.04 NS 9 086 8 0.88 9 0.87 <0.01 NS
TA102 5 0.78 9 0.87 9 0.83 0.04 0.01 6 0.75 7 0.86 7 0.80 <-0.01 NS
ARA2 6 0.79 6 0.69 7 0.74 0.06 <0.01 7 0.80 6 0.82 7 0.81 −0.01 NS
TA87 5 0.79 8 0.84 7 0.82 0.05 0.02 8 0.83 7 0.87 8 0.85 0.02 NS
PfPK2 5 0.83 8 0.80 8 0.81 0.11 0.02 10 0.87 8 0.87 11 0.87 0.02 <0.05
TA81 5 0.77 6 0.78 7 0.78 −0.02 NS 9 0.88 8 0.83 9 0.85 <0.01 NS
TA42 1 0.00 4 0.29 3 0.14 0.03 NS 5 0.44 3 0.18 5 0.31 0.05 0.04
Pfg377 3 0.56 4 0.59 3 0.57 <-0.01 NS 5 0.59 3 0.40 5 0.50 0.01 NS
TA109 6 0.86 6 0.81 6 0.83 −0.02 NS 5 0.72 5 0.60 6 0.66 0.16 <0.01
All loci 5 0.69 6 0.73 6 0.71 0.03 <0.01 7 0.75 6 0.70 7 0.72 0.03 0.01
N: number of isolates genotyped, He: expected heterozygosity; Rs: allelic richness. All loci: mean over loci Rs and He and global Fst over loci as calculated by FSTAT. P: P-values of permutation tests to assess
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in areas of lower endemicity, such as Sudan [40] or in
areas with marked differences in malaria endemicity [41].
However, analogous results were obtained by Cano et al
[42] in a study conducted on the island of Annobon, part
of Equatorial Guinea Insular Region.
In mosquitoes, this analysis was only possible with
the neutral STR and the results confirmed those obtained
in humans, i. e., high levels of genetic diversity and no
significant genetic differentiation between geographic
locations, despite their different ecological differences
or seasons. This is a sign of high malaria endemicity in
mainland Equatorial Guinea and the similarity between
population genetic structures is concordant with other
studies in African highly malaria-endemic countries [8,40].
No significant genetic differentiation was seen between
hosts, when comparisons between human blood samples
and mosquitoes were made using neutral STR data. The
most common alleles are found in both humans and
mosquitoes, which may indicate consistency in the
parasite populations that are being transmitted. Never-
theless, MOI values were higher in humans than in
mosquitoes. As Arez et al [3] observed, a higher pro-
portion of single-genotype infections in mosquitoes could
point to a limited genetic diversity of the inocula and a
high genetic diversity in humans resulting from super-
infection phenomena.
Anti-malarial resistance evolution
The prevalence of the main point mutations associated
with CQ resistance (75E and 76 T of Pfcrt gene and 86Y
of Pfmdr1 gene) was nearly 71%. Although the mutation
1246Y in the Pfmdr1 gene has also been associated with
reduced susceptibility to CQ [43], a very low frequency
of this mutation was found in Equatorial Guinea (1%).
Nowadays, after the introduction of artemisinin-based
combination therapy (ACT), decrease in prevalence of
mutations associated with CQ resistance might be expected,
due to the absence of drug pressure, as reported in Malawi,
China, Kenya and Angola [44-47]. However, a recent study
conducted in Equatorial Guinea [48] found higher preva-
lence of mutation in Pfcrt (codon 76) and in Pfmdr1 (codon
1246) (98% and 96%, respectively), than those found in this
study (72% for Pfcrt codon 76 and 1% for Pfmdr1 codon
1246) in isolates collected in 2005, when CQ was still in use
in mainland Equatorial Guinea. The increasing of these
and other point mutants might be a result of selective
pressure by AS-AQ combination, since AQ is a close
Mannich base analogue of CQ, promoting the mainten-
ance of CQ-resistant isolates with the mutant Pfcrt and
Pfmdr1 genotypes. On the other hand, another possibil-
ity is the continuous use of CQ despite national thera-
peutic guidelines [49].
In Equatorial Guinea, SP has been used as a second-
line therapy for many years and lately, though less
intensely, as a first-line in combination with artemisi-
nin derivatives and it is used in preventive chemother-
apy in pregnancy. Although the failure rate of this
combination has not suffered major variations since
1992, and in the late 1990s was still 10% [15], it was
expected that the continuous use of this drug would
rapidly lead to an increase of resistance levels as had
happened in other countries such as Kenya [50] and
Tanzania [51].
In fact, a high prevalence of mutation in genes associ-
ated with resistance to the SP combination (~70%) was
observed in this study. PYR resistance seemed to be well
established in mainland Equatorial Guinea and nearly
80% of parasite populations presented the triple mutant
N51I/C59R/S108N in the Pfdhfr gene, both in humans
and mosquitoes, as seen in other nearby countries
such as Cameroon [52], Gabon [53] and São Tomé and
Principe [27].
Regarding SFX resistance, a high prevalence of the
mutation A437G in Pfdhps was detected. However the
mutation K540E was practically non-existent, which is
usual in West Africa [28]. The prevalence of S436A
mutation was low, contrary to data from the neighbouring
country Gabon, where this was the most frequent Pfdhps
polymorphism [54]. The mutations S436A and A581G are
less studied due to their low prevalence in some African
countries, and the lack of knowledge of their role in treat-
ment failure [55]. However, the prevalence of A581G
mutation in this study reached 100%. Other recent studies
conducted in different African countries showed an in-
crease of the prevalence of A581G, during the last
years [53,56].
The quintuple mutant, associated with SP clinical failure
[57,58] and resulting from the combination of the Pfdhfr
triple mutant N51I/C59R/S108N (linked to resistance
to PYR) with the Pfdhps double mutant A437G/K540E
(linked to resistance to SFX), was not detected since no
samples containing the latter were found. No major dif-
ferences in the prevalence of mutation between para-
sites in humans and mosquitoes occurred.
Analysis on Pfdhfr flanking STRs showed that the
majority of haplotypes found were associated with triple
mutants IRNI, especially in Ngonamanga, while the major-
ity of isolates harboured double mutants NRNI in Miyobo.
These two haplotypes have already been reported in
Ghana [59] and the triple mutant IRNI was also found in
Southeast Asia [60]. The majority of the haplotypes seems
to have a single origin. In fact, the haplotypes found were
very similar among them, with the majority of them corre-
sponding to the H3 haplotype. This haplotype has arisen
from H9 haplotype double mutant through an additional
mutation occurring at position 59 of the Pfdhfr gene.
Both H3 and H9 haplotypes share the same microsatel-
lite profile.




The results of the present study suggest that PYR re-
sistance was firstly established in Ngonamanga, probably
due to the fact that Miyobo is more isolated and the
introduction of the drug may have occurred later. It is
likely that SP combination has been introduced first in
Malabo (the capital of the country), and then its
utilization was spread all over the country. Ngonamanga,
being a coastal area (closer to the capital), may have
started to use this drug earlier, and therefore to develop re-
sistance sooner. The process of the addition of a single mu-
tation in Pfdhfr alleles to double mutants, originating a
high prevalence of triple mutants [61] was still occur-
ring in Miyobo. The most common haplotype 113/183/
210 with the triple mutant IRNI, already described in
Senegal [26], should be related to the 109/183/210 back-
ground, found in Tanzania, South Africa, Southeast Af-
rica [25] and, most recently, in Kenya [50].
It was expected that the extensive use of SP would
lead to a rapid increase in resistance levels, leaving sig-
natures of drug selective pressure, such as a reduction in
genetic diversity around Pfdhps and Pfdhfr due to select-
ive sweep; an increased genetic differentiation at the
loci under selection; and, a significant LD between loci
flanking Pfdhps and Pfdhfr genes [62].
Indeed, the reduction in heterozigosity in the loci
flanking Pfdhfr gene with regard to the mean of
heterozigosity in the neutral loci indicates that this gene
has undergone strong selection in Equatorial Guinea.
The higher mean of He around double mutant than the
mean of He around triple mutant is consistent with a
model of positive directional selection. The Fst values at
STR loci linked to Pfdhfr gene were higher when com-
pared with mean Fst at neutral loci, which supports this
hypothesis. However, no significant LD values were
found between flanking genes of interest.
According to the results herein presented, SFX resistance
seems to have appeared more recently than PYR resistance
in mainland Equatorial Guinea. Indeed, only mutations at
codons A437G and A581G, from the Pfdhps polymorphic
sites surveyed showed high prevalence. Point mutations at
S436A and K540E codons were rarely seen. A wide diver-
sity of haplotypes was detected, being the majority unique
haplotypes, which is consistent with independent ori-
gins for those alleles. The most prevalent haplotype match
with AGK1/SGK1 lineages of West African origin and a
few others (436A:437G:540K/ 436S:437G:540 K) with prob-
able independent origin. The double mutant lineage identi-
fied as SGE1 (436S:437G:540E), originated in East Africa
[28], was not detected in this study. As occurred with PYR
resistance, the resistance to SFX seems to have been
established earlier in Ngonamanga, where the prevalence
of triple mutants is higher than in Miyobo.
When double mutants (He=0.81) were compared with
triple mutants (He=0.67), a reduction in the heterozigosity
was seen. However the values found are remarkably higher
when comparing to those found for the PYR resistance
(mean He=0.22). These differences may be due to the
presence of multiple lineages occurring within individ-
ual populations. Also, significant LD values were found
between flanking Pfdhps gene, involving loci 0.8 kb/
4.3 kb and 4.3 kb/7.7Kb. Overall, these results might be
suggestive of soft selective sweep, where multiple line-
ages are superimposed within a single population caus-
ing higher He values than in populations where a single
lineage is present [63].
The results gathered in this study suggests that the
PYR resistance has been established for a while in main-
land Equatorial Guinea leaving selection signatures as
the decrease in genetic diversity and an increased
genetic differentiation at the loci around Pfdhfr gene.
In addition, the impact on genetic diversity was less
clear at the loci flanking Pfdhps, with only evidence
of a soft selective sweep effect. This agrees with a more re-
cent introduction of resistance to SFX in Equatorial Guinea,
which is in agreement with results obtained in a recent
study [64].
Conclusions
CQ is no longer recommended for malaria treatment in
Equatorial Guinea but SP remains in use in combination
with artesunate and is the only drug recommended for
intermittent preventive therapy in pregnancy [65]. Preva-
lence of infection in the mainland region, where most of
the country’s population live, remains high despite the
efforts undertaken to control malaria transmission mainly
on the island of Bioko [10,34]. A close and continuous
monitoring of point mutations frequency in the two genes
associated with SP resistance, Pfdhfr and Pfdhps, is essen-
tial since there is the danger of an eventual reduction in
the efficacy of SP combined therapy.
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Additional file 1 
Additional file 1. Prevalence of Plasmodium infections in humans, in two villages of mainland Equatorial Guinea. 
 
n: sample size; F: P. falciparum; M: P. malariae; O: P. ovale; V: P. vivax; F+M: mixed infection by P. falciparum and P. malariae; F+O: mixed 
infection by P. falciparum and P. ovale; F+V: mixed infection by P. falciparum and P. vivax; F+M+O: mixed infection by P. falciparum, P. malariae 
and P. ovale; F+M+V: mixed infection by P. falciparum, P. malariae and P. vivax. 
Village Ngonamanga Miyobo Total 
Season Dry Rainy Total Dry Rainy Total n % 
  n 40 26 53 34 43 44 97 - 
n of positive samples 26 (65%) 17 (65.4%) 43 (81.1%) 25 (73.5%) 30 (68.8%) 41 (93.2%) 84 86.6 
Single 
infection 
F 24 15 68 18 17 52 62 63.9 
M 0 0 0 2 0 4 2 2.1 
O 0 0 0 0 0 0 0 0.0 
V 0 0 0 2 0 4 2 2.1 
Mixed 
infection 
F + M 2 0 4 1 3 7 5 5.2 
F + O 0 2 4 2 2 4 4 4.1 
F + V 0 0 0 2 2 11 5 5.2 
F + M + O 0 0 0 0 3 7 3 3.1 
 F + M + V 0 0 0 0 1 2 1 1.0 
Total  2 2 8 5 11 32 18 18.6 
Overall infection F 26 17 100 23 28 90 80 95.2 
Overall infection M  2 0 5 3 7 22 11 13.1 
Overall infection V  0 0 0 4 3 20 8 9.5 
Overall infection O 0 2 5 2 5 12 7 8.3 
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Additional file 2 
Additional file 2. Prevalence of Plasmodium infections in mosquitoes, in two villages of mainland Equatorial Guinea. 
Village Ngonamanga Miyobo Total 
Season Dry Rainy Dry Rainy  
  Head +Torax Abdomen Head +Torax Abdomen Head +Torax Abdómen Head +Torax Abdomen n % 
n 249 249 61 61 386 386 123 123 1638 % 
n of positive samples
46 54 9 14 31 55 24 42 
275 16.8 
18.50% 21.60% 14.80% 23% 8.03% 14.25% 19.51% 34.15% 
Single 
infection 
F 39 47 7 14 29 42 24 35 237 14.5 
V 4 4 2 0 2 10 0 0 22 1.3 
M 1 0 0 0 0 2 0 1 4 0.2 
O 0 0 0 0 0 0 0 0 0 0.0 
Mixed 
infection 
F + V 1 0 0 0 0 1 0 0 2 0.1 
F + M 0 2 0 0 0 0 0 4 6 0.4 
F + O 0 1 0 0 0 0 0 2 3 0.2 
F + M + O 1 0 0 0 0 0 0 0 1 0.1 
Overall infection F 41 50 7 14 29 43 24 41 249 90.5 
Overall infection V 5 4 2 0 2 11 0 0 24 8.7 
Overall infection M 2 2 0 0 0 2 0 5 11 4.0 
Overall infection O 1 1 0 0 0 0 0 2 4 1.5 
 
n: sample size; F: P. falciparum; M: P. malariae; O: P. ovale; V: P. vivax; F+M: mixed infection by P. falciparum and P. malariae; 
F+O: mixed infection by P. falciparum and P. ovale; F+V: mixed infection by P. falciparum and P. vivax; F+M+O: mixed infection by P. 




Additional file 3 
Additional file 3. Characterization of mutations in Pfcrt, Pfmdr1, Pfdhps and Pfdhfr genes, in humans and mosquitoes. 
Pfcrt Pfmdr1 Pfdhfr Pfdhps 
N75E K76T N86Y D1246Y N51I C59R S108N I164L S436A A437G K540E A581G 
Humans 
Ngonamanga 
n 113 113 113 113 113 113 113 113 113 113 113 113 
wild type 0.33 0.42 0.15 1 0.09 0.8 0.05 0.98 0.5 0.25 98 0 
mutant 0.67 0.58 0.85 0 0.91 0.92 0.95 0.02 0.5 0.75 0.02 1 
Miyobo 
n 194 212 215 184 199 195 195 213 212 249 190 190 
wild type 0.55 0.40 0.29 0.98 0.44 0.25 0.11 0.80 0.73 0.48 1 0 
mutant 0.45 0.60 0.71 0.02 0.56 0.75 0.89 0.20 0.27 0.52 0 1 
Dry season 
n 168 174 185 168 172 168 168 181 188 205 167 167 
wild type 0.46 0.32 0.24 0.99 0.19 0.13 0.04 0.92 0.59 0.39 1 0 
mutant 0.54 0.68 0.76 0.01 0.81 0.87 0.96 0.08 0.41 0.61 0 1 
Wet season 
n 139 151 143 129 140 140 140 145 137 157 136 136 
wild type 0.48 0.51 0.25 0.98 0.47 0.25 0.15 0.79 0.74 0.43 0.99 0 
mutant 0.52 0.49 0.75 0.02 0.53 0.75 0.85 0.21 0.26 0.57 0.01 1 
Total 
n 307 325 328 297 312 308 308 326 325 362 303 303 
wild type 0.47 0.41 0.24 0.99 0.31 0.19 0.09 0.86 0.65 0.41 0.99 0 
mutant 0.53 0.59 0.76 0.01 0.69 0.81 0.91 0.14 0.35 0.59 0.01 1 
               





n 12 33 25 26 35 38 32 32 28 30 33 30 
wild type 0.25 0.31 0.68 0.96 0.26 0.29 0 1 0.89 0.2 0.91 0 
mutant 0.75 0.69 0.32 0.04 0.74 71 1 0 0.11 0.8 0.09 1 
Miyobo 
n 29 43 41 53 17 16 51 26 54 57 56 43 
wild type 0.66 0.72 0.27 1 0.06 0.06 0.1 1 0.85 0.26 0.96 0 
mutant 0.34 0.28 0.73 0 0.94 0.94 0.90 0 0.15 0.74 0.04 1 
Dry season 
n 17 26 27 34 33 35 31 31 35 40 39 37 
wild type 0.41 0.46 0.37 0.97 0.27 0.26 0.10 1 0.91 0.15 0.95 0 
mutant 0.59 54 0.63 0.03 0.73 0.74 0.9 0 0.09 0.85 0.05 1 
Wet season 
n 24 49 39 45 19 19 52 27 47 47 50 36 
wild type 0.63 0.59 0.46 1 0.05 0.16 0.04 1 0.83 0.32 0.94 0 
mutant 0.38 0.41 54 0 0.95 0.84 0.96 0 0.17 0.68 0.06 1 
Total 
n 41 75 66 79 52 54 83 58 82 87 89 73 
wild type 0.54 0.55 0.42 0.99 0.19 0.22 0.06 1 0.87 0.24 0.94 0 








Additional file 4 
Additional file 4. Pfdhfr point mutations and their respective STR haplotypes in allele 
size. 
Villages Haplotype Point mutation 
Allele size (bp) 
N 
locus 0.8kb locus 4.3kb locus 7.7kb 
 








H1 N108 113 183 210 1 
H2 I51/R59/N108 113 179 210 1 
H3 I51/R59/N108 113 183 210 32 





H1 N108 113 183 210 2 
H3 I51/R59/N108 113 183 210 6 
H5 R59 113 183 210 1 
H6 N108 107 183 200 1 
H7 I51/N108 117 183 210 1 
H8 I51/N108 113 183 210 1 












Genetic diversity and signatures of selection of drug resistance in Plasmodium populations from both human and 
mosquito hosts in continental Equatorial Guinea  
109 
 
Additional file 5 
Additional file 5. Pfdhps point mutations and their respective STR haplotypes in allele 
size. 
Village Haplotype Point mutation 
Allele size (bp) 
N 
locus 0.8kb locus 4.3kb locus 7.7kb 
 








H1 A436/G581 117 105 124 1 
H2 A436/G581 117 109 118 1 
H3 G437/G581 113 107 110 1 
H4 G437/G581 115 103 120 1 
H5 G437/G581 121 109 112 1 
H6 G437/G581 123 107 110 1 
H7 G437/G581 131 117 126 2 
H8 A436/G437/G581 121 109 112 4 





H10 G581 117 109 124 1 
H11 G581 117 105 126 2 
H12 G581 117 117 126 1 
H13 G581 121 111 118 1 
H14 A436/G581 117 109 126 1 
H15 A436/G581 123 103 126 1 
H16 G437/G581 117 103 138 1 
H17 G437/G581 117 105 120 2 
H18 G437/G581 117 105 138 1 
H19 G437/G581 121 107 110 1 




H5 G437/G581 121 109 112 1 
H21 G437/G581 123 109 112 1 
H22 G437/G581 123 107 110 3 
H23 G437/G581 125 107 114 1 
H24 G437/G581 135 103 120 1 
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Abstract
Background: Plasmodium vivax shows a small prevalence in West and Central Africa due to the high prevalence of Duffy
negative people. However, Duffy negative individuals infected with P. vivax have been reported in areas of high prevalence
of Duffy positive people who may serve as supply of P. vivax strains able to invade Duffy negative erythrocytes. We
investigated the presence of P. vivax in two West African countries, using blood samples and mosquitoes collected during
two on-going studies.
Methodology/Findings: Blood samples from a total of 995 individuals were collected in seven villages in Angola and
Equatorial Guinea, and 820 Anopheles mosquitoes were collected in Equatorial Guinea. Identification of the Plasmodium
species was achieved by nested PCR amplification of the small-subunit rRNA genes; P. vivax was further characterized by csp
gene analysis. Positive P. vivax-human isolates were genotyped for the Duffy blood group through the analysis of the DARC
gene. Fifteen Duffy-negative individuals, 8 from Equatorial Guinea (out of 97) and 7 from Angola (out of 898), were infected
with two different strains of P. vivax (VK210 and VK247).
Conclusions: In this study we demonstrated that P. vivax infections were found both in humans and mosquitoes, which
means that active transmission is occurring. Given the high prevalence of infection in mosquitoes, we may speculate that
this hypnozoite-forming species at liver may not be detected by the peripheral blood samples analysis. Also, this is the first
report of Duffy negative individuals infected with two different strains of P. vivax (VK247 and classic strains) in Angola and
Equatorial Guinea. This finding reinforces the idea that this parasite is able to use receptors other than Duffy to invade
erythrocytes, which may have an enormous impact in P. vivax current distribution.
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Introduction
Plasmodium vivax has been neglected by the scientific community
since it has been seen as a ‘‘benign’’ parasite. Nowadays this
scenario has changed and the infection caused by P. vivax gained
higher importance, firstly because it has a very wide distribution,
being found both in tropical and subtropical areas [1,2,3]; and
secondly because of the high number of clinical cases reported,
ranging from 70 million to 300 million [2,4,5]. Although clinical
symptoms are usually considered as not severe, some reports
documented cases of severe disease and even death [6,7,8,9].
This parasite has traditionally shown a small prevalence in West
and Central Africa, attributed to the high prevalence of Duffy
negative people [Fy(a2b2)] who are described as being resistant
to P. vivax infection [10,11]. Culleton et al. [12] performed a study
including nine endemic countries of West and Central Africa using
a high sensitive PCR-based protocol for the detection and
identification of Plasmodium species reporting only one case out
of 2588 individuals infected with P. vivax - one Duffy-positive
individual from São Tomé. Although the exact prevalence of P.
vivax in Africa is unknown, this parasite tends to be endemic in
countries of East Africa, like Sudan, Somalia and Ethiopia, where
the majority of the population is Duffy-positive.
The Duffy antigen, also called Duffy antigen receptor for
chemokines (DARC), is a multimeric red cell membrane protein
organized into seven transmembrane domains, and it is the unique
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known erythrocyte receptor for P. vivax invasion. DARC-coding
gene is polymorphic with multiple alleles as the codominant FY*A
and FY*B, which encode for the two antigens – Fya and Fyb. Four
genotypes are possible as a result of the combination of the major
alleles, Fy(a+b+), Fy(a+b2), Fy(a2b+) and Fy(a2b2) [13,14,15].
The first three correspond to a Duffy-positive phenotype, mostly
prevalent in Asian and in Caucasian populations and the last one
correspond to the Duffy-negative phenotype, mainly prevalent in
African people, who are consequently resistant to P. vivax infection.
The Fy(a2b2) genotype results from a point mutation, -33T.C,
in the promoter region of allele FY*B, in the GATA box region
[13].
Recent data showed that Duffy binding protein, the main
vaccine candidate for P. vivax [16,17], seems no longer to protect
against P. vivax infection. Rosenberg [18] hypothesized that P. vivax
could infect Duffy negative erythrocytes, since there were reports
of European travellers and immigrants from West and Central
Africa who were infected with P. vivax [19,20,21]. In fact, there are
now other reports that seem to support this hypothesis [18].
In a case-control study conducted in Kenya, an East African
country, with children with severe malaria caused by Plasmodium
falciparum, it was found that there were children infected with P.
vivax VK247 despite being Duffy-negative [22]. Similar results
were found in the Amazon region in Brazil [23,24] and more
recently in Madagascar [25]. These new data suggest that P. vivax
may be evolving by using alternative receptors to bind and invade
erythrocytes or it may be a ‘‘vivax-like’’ that do not require Duffy
antigen for the invasion [26].
Currently, three different strains of P. vivax have been described –
classic P. vivax (also called P. vivax VK 210), P. vivax VK 247 and P.
vivax-like. These strains, although morphologically similar, differ in the
central portion of circunsporozoite surface protein (csp), an abundant
polypeptide present at the sporozoite surface [27]. The variant
VK247 was first described by Rosenberg et al. [28] in isolates from
Thailand and differs from the P. vivax classic in the nonapeptide
repeat units of the central portion of CSP gene: ANGA(G/D)(N/
D)QPG in P. vivax VK247 and GDRA(A/D)GQPA in P. vivax classic
(described in [29]). Qari et al. [26] identified the strain P. vivax-like,
characterised by having a 11-mer repeat sequence, APGNQ(E/
G)GGAA in the central portion of the CSP gene.
With new cases of P. vivax infections appearing every day,
especially in countries where this parasite has not been reported
before, it becomes essential not to underestimate it, since P. vivax
may be swiftly evolving and infecting people that were thought to
be protected.
The aims of this study were to investigate the presence of P. vivax
in Angola and in Equatorial Guinea, using blood samples and




Each person (or parent) was informed of the nature and aims of
the study and told that participation was voluntary and that they
could withdraw from the study at any time. Blood samples were
collected after informed consent from all donors (parents or
guardians respond on behalf of children). In Equatorial Guinea,
written consent was not obtainable because of the community-
wide mistrust of signing any official forms and the low level of
literacy in the population. Viewing this, written consent was only
assented by population in case of the legal guardians of the
recruited children and only non-documented oral consent was
requested on adults. The study was approved by the Ethical
Committee of the Equatorial Guinea’s Ministry of Health and
Social Welfare, the National Malaria Control Programme and the
local health authorities from these villages, which accepted this
constraint and did not find bio-ethical impediments to disallow the
study. In Angola, written informed consent was obtained from
each person (or parent/guardian) and the study was approved by
the Ethical Committee of the Angola’s Ministry of Health. Ethical
clearance was also given by the Ethical Committees of IHMT and
the ISCIII, according to EU norms.
Sampling
Blood samples were collected as part of two on-going studies in
Angola and Equatorial Guinea (see figure 1).
Angola samples were collected in Gabela (10uS519/14uE229),
Porto Amboim (10uS439/13uE469), Kissala-Sumbe (11uS129/
13uE509), Praia-Sumbe (11uS129/13uE509) [Kuanza Sul province]
and Funda (8uS509/13uE339) [Bengo province] between June
2006 and May 2007. In these two provinces malaria is
mesoendemic stable and the climate is tropical, characterised by
a wet and warm season, from September to April, and a dry and
cold season, from May to August. In each village, blood samples
were collected by fingerprick on filter paper, from asymptomatic
children older than 2 months.
In Equatorial Guinea, blood samples and mosquito specimens
were collected from 20 households in two different villages -
Miyobo (1uN459/10uE109) in May and August of 2005 and
Ngonamanga (2uN99/9uE489) in February and May of 2005. The
two villages present different ecological characteristics: Miyobo is
located in the interior of the country in a forested area, while
Ngonamanga is a coastal area. In both, malaria is classified as
hyperendemic, and it is possible to distinguish four seasons, two
dry seasons from December to March and from July to
September; and two wet seasons, one more intense from
September to November and the other from March to the end
of June. In each household, blood fed resting mosquitoes were
collected early in the morning (5.00–7.00am), followed by blood
sample collection by fingerprick from all inhabitants, during four
consecutive days. Mosquitoes were kept in paper-cups corre-
sponding to each house/room for 8 days to enable the
development of oocysts from infections acquired the night prior
to collection. Head/thorax and abdomen from each mosquito
were kept separately for subsequent molecular processing.
Author Summary
Recent reports of Plasmodium vivax infections, the most
widely distributed species of human malaria, show that
this parasite is evolving and adapting, becoming not only
more aggressive but also more frequent in countries
where it was not present in the past, becoming, therefore,
a major source of concern. Thus, it is extremely important
to perform new studies of its distribution in West and
Central Africa, where there are few reports of its presence,
due to the high prevalence of Duffy-negative individuals.
The aim of this study was to investigate the presence of P.
vivax in Angola and in Equatorial Guinea, using blood
samples and mosquitoes. The results showed that P. vivax
seems to be able to invade erythrocytes using receptors
other than Duffy, and this new capacity is not exclusive to
one strain of P. vivax, since we have found samples
infected with two different strains: VK247 and classic.
Additionally we demonstrated that the parasite has a
greater distribution than previously thought, calling for a
reevaluation of its worldwide distribution.
Duffy Negative Antigen and P. vivax in West Africa
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Sample collection and DNA extraction
Blood samples from a total of 995 individuals (898 from Angola
and 97 from Equatorial Guinea) were collected by fingerprick on
filter paper and stored at room temperature until DNA extraction,
which was carried out using the chelex protocol as described by
Plowe et al. [30].
DNA from the 819 mosquitoes captured in Equatorial Guinea
was extracted using the chelex protocol described by Arez et al.
[31]. DNA from portions head/thorax and abdomen of each
mosquito was extracted separately.
Detection and identification of Plasmodium species
For all samples, detection of malaria infection and identification
of Plasmodium species was made using nested-PCR amplification of
the small subunit ribosomal RNA genes as described by Snounou
et al. [32].
Genotyping of Pvcsp genes
In samples infected with P. vivax, parasite characterisation was
carried out by analysis of the central region of the Pvcsp gene,
following a slightly modified version of the protocol described by
Alves et al. [33]. This was amplified in a MyCyclerTM Thermal
cycler (Biorad), using the primers VivF 59- TCCATCCTG-
TTGGTGGACTT – 39 and VivR 59 – TCACAACGTTAAAT-
ATGCCAG – 39 with final reagent concentrations of 16 reaction
buffer, 1 mM of MgCl2, 100 mM of each dNTPs, 0.5 mM of each
primer and 1 U/ml of Taq DNA Polymerase (Promega), in a total
volume of 50 ml for each reaction. The PCR cycle conditions were:
initial denaturation at 94uC for 5 minutes, followed by 35 cycles of
93uC for 1 minute, 60uC for 90 seconds and 72uC for 1 minute,
with a final extension at 72uC for 10 minutes.
In order to distinguish the three P. vivax strains (VK210, VK247
and P. vivax-like), restriction fragment length polymorphism (RFLP)
analysis was performed using the restriction endonucleases (AluI
and DpnI), following the recommended protocol (New England
Biolabs, Ipswich, MA). PCR-RFLP products were run in a 2%
agarose gel.
Genotyping of Duffy blood group
Duffy genotypes were also determined in P. vivax human
isolates. To detect the point mutation -33T.C, which correspond
to a Duffy-negative phenotype, the DARC gene promoter regions
were amplified by PCR, followed by enzymatic restriction with
StyI (New England Biolabs, Ipswich, MA) (adapted from [13]).
Briefly, the PCR was performed using the primer P38 59-
Figure 1. Map of the five collection places in Equatorial Guinea and Angola. [Footnote: A- Equatorial Guinea; B- Angola; 1- Ngonamanga; 2-
Miyobo; 3- Gabela; 4 – Porto Amboim and 5- Sumbe].
doi:10.1371/journal.pntd.0001192.g001
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AGGCTTGTGCAGGCAGTG - 39 and P39 59- GGCATAGG-
GATAAGGGACT - 39, 0.5 pmol/ml of each, 1 mM of MgCl2,
200 mM of dNTP’s and 1 U/ml of Taq DNA Polymerase
(Promega), in a total volume of 30 ml. Cycling parameters were
as follows: 94uC for 5 minutes, pursued by 30 cycles of 94uC for
1 minute, 59uC for 1 minute and 72uC for 30 seconds, with a final
extension at 72uC for 10 minutes.
Endonuclease StyI was used for RFLP analysis of PCR
products, according to the supplier’s specifications (New England
Biolabs, Ipswich, MA). Restriction fragments were separated on an
18% acrylamide/bis-acrylamide (39.5:1) gel and silver stained.
For confirmation, some samples were purified with the
SureClean Kit (Bioline) according to manufacturer’s recommen-
dations and were sequenced in both directions by Macrogen,
Korea.
Results
Detection and identification of Plasmodium species
The four species of Plasmodium were identified in both countries.
Plasmodium vivax had not been previously described in the mainland
of Equatorial Guinea.
Prevalence of infection in both blood samples and mosquitoes is
presented in Table 1. Regarding the human host, overall
prevalence of infection was much higher in Equatorial Guinea
than in Angola (86.6% versus 28.9%, respectively), with P. falciparum
showing the highest infection rate in both countries (95.2% in
Equatorial Guinea and 97.9% in Angola). Plasmodium vivax was
detected in 15 individuals, 8 from Equatorial Guinea (9.5% of
infected individuals) and 7 from Angola (2.8% of infected
individuals). From these 15 cases, 5 exhibited a single P. vixax
infection, 8 a mixed infection with P. falciparum and 2 a triple
infection with P. falciparum and Plasmodium malariae. In Equatorial
Guinea, the overall prevalence of infected mosquitoes was 26.7%
(219/819). From these, P. vivax infections were found in 10.9%
(24/219), both in head/thorax (salivary glands) and abdomen
(midgut): 22 were a single P. vixax infection and 2 a mixed infection
with P. falciparum.
Genotyping of Pvcsp genes
Using the endonuclease AluI the fragments obtained for the P.
vivax classic were: 243, 135, 133, 108, 90, 78, 57, 54, 30, 27 bp and
for P. vivax VK247 were: 673, 243, 90, 78 bp. Using the
endonuclease DpnI it was possible to identify fragments of 969,
71 and 50 bp in the case of P. vivax classic, and fragments of 360,
225, 108, 81, 71, 54, 50, 27 bp for P. vivax VK247. Fragments
below 50 bp were not considered for variant determination due to
the low molecular weight.
According to this, it was possible to identify 6 blood samples
infected with P. vivax classic, 6 blood samples with P. vivax VK247
and 3 blood samples infected with two strains of P. vivax: classic
and VK247.
No samples were identified as being infected with P. vivax-like. In
this case, it was expected to obtain fragments of 786, 101, 83, 70
and 62 bp when using AluI, and fragments of 883, 169 and 50 bp
when using DpnI.
For the 24 mosquitoes infected with P. vivax, the same procedure
was used for the parasite characterisation but unfortunately no
successful amplification of specific sequences was achieved.
Genotyping of Duffy blood group
All the human isolates P. vivax infected were genotyped for the
Duffy gene by PCR-RFLP (82, 77 and 64 bp for Duffy positive
genotypes and 82, 65, 64 and 12 bp for Duffy negative genotypes;
the fragment of 12 bp was not considered due to the low
molecular weight, not visible in gel). Results showed that all
samples analysed were genotyped as FY*B-33/FY*B-33 (Duffy-
negative homozygous) being therefore classified as Fy(a2b2).
Given that differentiation of bands in acrylamide gel is
sometimes dubious, some samples were sequenced to confirm
results. Sequencing (figure 2) confirmed the Duffy-negative
genotype, since all of them contained the point mutation -
33TRC.
Discussion
Despite all the efforts that have been made to control malaria,
many of them having a real effect, the prevalence of infection is
still very high, even in countries with active control campaigns, like
Equatorial Guinea (86.6%) and Angola (28.9%).
Particularly, P. vivax seems not only to be evolving and adapting,
causing more severe forms of the disease [6,8,34,35,36] but also
appears to be more frequent in countries where either it was not
present or it was not detected by the available techniques in the
past, as is the case of some countries of West and Central Africa
like, Congo [37], São Tomé and Principe [37,38], Gabon [37,39]
and Cameroon [37], becoming a major source of concern. Our
results corroborate these assumptions, since for the first time we
were able to detect P. vivax on mainland Equatorial Guinea in
humans and mosquitoes, which imply well-established whole life-
cycles and active transmission.
Further, a relevant aspect needs to be stressed - the proportion
of P. vivax infected mosquitoes is higher than the proportion of P.
vivax infected individuals. This may be associated with the fact that
in the human host this parasite may be ‘‘hidden’’ since it forms
dormant forms in the liver – hypnozoites - and go unnoticed, being
much more ‘‘visible’’ in mosquitoes. If this is the case, these results
suggest that the prevalence of this species may be underestimated,
not only in this country but in other parts of Africa.
Other factors associated with parasite-human interaction and
immune response could be conditioning this variable prevalence in
P. vivax infection in mosquitoes and human host.
In this study we were able to detect Duffy negative people
carrying P. vivax infections, both in Angola and Equatorial Guinea,
two countries located in West Africa, where the prevalence of
Duffy negative individuals is near 95% [11], confirming thereby
the suspicion of some authors [18,22–25]. Similar results were
Table 1. Prevalence of infection in both humans and




n 898 97 819
Overall infection 28.9% (245/848) 86.6% (84/97) 26.7% (219/819)
Overall infection F 97.9% (240/245) 95.2% (80/84) 89.0% (195/219)
Overall infection V 2.8% (7*/245) 9.5% (8*/84) 10.9% (24/219)
V 3 ind. 2 ind. 22 mosq.
F+V 3 ind. 5 ind. 2 mosq.
F+V+M 1 ind. 1 ind. 0
*All Duffy-negatives.
n - Sample size; F: P. falciparum; V: P. vivax; F+V: mixed infection by P. falciparum
and P. vivax; F+V+M: mixed infection by P. falciparum, P. vivax and P. malariae.
doi:10.1371/journal.pntd.0001192.t001
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found in other studies, but always in areas where the prevalence of
Duffy positive is significantly higher: in Kenya - East Africa [22],
Amazon region in Brazil [23,24] and more recently, in
Madagascar [25].
Ménard et al. [25] suggested that Duffy positive individuals may
serve as a reservoir of P. vivax providing an opportunity for this
parasite to infect hepatocytes of Duffy negative people and the
selection of new P. vivax strains with capacity to invade Duffy
negative erythrocytes. In the present case, it is likely that the
evolutionary process has been the same, although these two
countries showed low prevalence of Duffy positive autochthonous
individuals. From the beginning of the 90 s, these countries have
experienced a marked increase in economic development with the
finding of important oil reserves. Related to this development,
intensive migration processes are occurring from outside and
inside of the African continent. Therefore, workers from countries
with higher Duffy positive and P. vivax prevalence could be
circulating in Angola and Equatorial Guinea, thus increasing the
reservoir of P. vivax.
Although we do not know which main force was contributing
for the evolution of P. vivax and why it is able to infect Duffy
negative erythrocytes, one thing seems to be clear - P. vivax may
have an extraordinary ability to adapt. In addition, the African
continent has both the ideal temperature and highly competent
vectors for its transmission [3,40]. Altogether, these factors show
that this parasite can become a serious public health problem in
West and Central Africa, both for locals and travelers.
The results obtained in this work are highly relevant. First, it
demonstrates that P. vivax is able to invade erythrocytes using other
receptors than Duffy, and this new capacity is not exclusive of one
strain of P. vivax, since we found samples infected with two different
strains: VK247 and VK210/classic. Other species of Plasmodium, as
Plasmodium knowlesi (phylogenetically close to P. vivax) and P. falciparum
have more than one receptor for the invasion of erythrocytes [41].
Considering that these two phylogenetically distant species have
evolved in order to recognize more than one receptor for erythrocyte
invasion, it is expected that P. vivax is also evolving, becoming capable
of using more than one path of invasion.
Second, this parasite seems to be expanding, and now it can be
found in areas where it was not present in the past. Some
approaches to determine the distribution limits of P. vivax have
been carried out, although areas with high prevalence of Duffy
negative were virtually considered free of this parasite [3]. So it is
expectable that the real distribution of this parasite is greater than
that found by these authors.
In conclusion, this study present the first cases of Duffy negative
individuals infected with different strains of P. vivax (VK247 and
classic) in two West African countries. This finding reinforces the
idea that this parasite is rapidly evolving, being able to use other
receptors than Duffy to invade the erythrocytes.
The presence of P. vivax infection both in blood samples and
mosquitoes indicates that this parasite is well adapted. Further, the
higher number of infected mosquitoes shows that this species is
more ‘‘visible’’ in mosquitoes and may go unnoticed if blood
samples are only analyzed.
It is therefore important to establish the real distribution of P.
vivax, since new and more aggressive cases of infection by this
parasite are reported every day, in countries where this parasite
has not been noticed before having significant implications in the
design of control measures and implementation of prophylactic
and therapeutic regimens.
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Several defence mechanisms in the mosquito vector Anopheles gambiae control 
malaria infection by limiting the number of parasites. These defence mechanisms 
include a wide variety of cellular and humoral responses performed by various organs 
and cell types. Transglutaminases (TG) are a class of proteins involved in coagulation 
and wound healing. Anopheles gambiae have three TG: AgTG1, AgTG2 and AgTG3. 
The last one is a male exclusive TG associated to sperm coagulation and AgTG2 
silencing increases mosquito infection by Plasmodium, but little is known about the 






Genetic diversity of A. gambiae AgTG1 and AgTG2 was investigated in samples 
collected in Guinea Bissau on individual households and classified as infected and non-
infected mosquitoes. The two genes studied are highly polymorphic, especially AgTG2. 
No significant genetic differentiation for the genes studied was found either between A. 
gambiae molecular forms, or between infected and non-infected groups. 
The Ka/Ks ratio (nonsynonymous substitutions/synonymous substitutions) was 
higher than one for AgTG2, which is consistent with positive selection. For AgTG1, a 
Ka/Ks<1 was consistent with purifying selection. When a codon-by-codon approach 
was used, some codons (17 and 11 in AgTG1 and 50 and 41 in AgTG2, for the 
comparisons between infected/non-infected mosquitoes and for M- and S-forms) 
displayed Ka/Ks>1 suggesting that positive selection is acting in some specific regions 
of the gene. Most sites under positive selection were found to fall in the coding region 
of both genes, and the majority of the substitutions were located in the periphery, as 
seen in the 3D model of the protein.  
Results suggest that these genes may play a role in pathogen recognition, being 
involved in the response against the infection. 
 
Introduction 
It is known that host-pathogen interactions are a powerful driving force of 
adaptive evolution, which can lead to changes in the genes involved in the process 
(Haldane, 1949). Molecular evolutionary studies showed that this evolutionary 
dynamics leaves traces in the genomes of both hosts, being immunity related genes 
among those with a higher rate of adaptive evolution (Clark et al., 2003; Schlenke & 
Begun 2003; Nielsen et al., 2005; Tiffin & Moeller 2006; Sackton et al., 2007). 
Plasmodium can exert the same kind of selective pressure not only in the human host - 
as previously demonstrated by alteration in genes such as glucose 6-phosphate 
dehydrogenase gene, thalassemia +, haemoglobin S and the Duffy blood group 
(review in López et al., 2010; Hedrick, 2012) – but also in the mosquito vector. Several 
studies demonstrated that innate immune related genes have been targets of positive 




selection, which may play a role in protection against Plasmodium infection 
(Christophides et al., 2002, Crawford et al., 2012). 
There are evidences that Anopheles gambiae, the major malaria vector in Sub-
Saharan Africa, is capable of trigger a response against Plasmodium falciparum limiting 
the infection by reducing the number of parasites (Blandin & Levashina, 2004; Whitten 
et al., 2006; Barrilas-Mury, 2007). These defence mechanisms involve not only 
structural barriers but also a strong innate immune response against the parasite, 
including a wide variety of cellular and humoral mechanisms performed by various 
organs and cell types. Transglutaminases (TG) are a class of proteins involved in 
coagulation and wound healing. While most invertebrates possess a maximum of two, 
anopheline mosquitoes have three distinct TGs (Rogers et al., 2009): AGAP009100 or 
AgTG1; AGAP009098 or AgTG2 and AGAP009099 or AgTG3 (Le, 2013). AgTG3, is a 
male exclusive TG associated to sperm coagulation (Rogers at al., 2009, Le et al., 
2013), which excludes this specific TG from being involved in malaria transmission. 
Previous studies associated AgTG2 to an increased resistance against Plasmodium 
infection, after A. gambiae immune system stimulation (Silveira et al., 2012). However, 
little is known about AgTG1 and AgTG2 functions in the mosquito and upon parasite 
invasion. 
In this study, through a well characterized sample of field-collected infected and 
non-infected A. gambiae mosquitoes, we analysed patterns of molecular evolution of 
two TG genes - AgTG1 and AgTG2, in order to investigate if interactions between 




Anopheles gambiae mosquitoes were collected both in Guinea Bissau and 
Equatorial Guinea. Details of the study area and collection procedures of mosquito 
specimens collected in Guinea Bissau were previously described in Arez et al., (1997 
and 2003). Briefly, blood-fed resting A. gambiae s.l. females were collected inside bed 





libitum, allowing the development of Plasmodium species. After this period, mosquitoes 
were dissected. Midguts and salivary glands were collected in tubes with 25ml of lysis 
buffer supplemented with proteinase K and kept a -20ºC until DNA extraction, used for 
Plasmodium species identification. The remainder of the carcasses were kept dry in 
silica gel filled individual tubes for mosquito species identification. 
In Equatorial Guinea, the mosquito specimens were collected using the same 
methodology described above, with slightly modifications as described in Mendes et al., 
2011 and 2013. Shortly, individual mosquitoes, dried on silica gel, were stored at room 
temperature until DNA preparation.    
 
DNA extraction and species identification 
Two different methods were used for the DNA preparation: for the mosquito 
specimens from Guinea-Bissau, the DNA was obtained by phenol/phenol-chloroform 
extraction and ethanol precipitation, whereas for the Equatorial Guinea samples, the 
DNA was extracted using chelex protocol described by Arez et al. (2000).  
The A. gambiae complex comprises at least 7 sibling species and within the 
nominal species, two molecular forms, denoted M and S, have been described (Coetzee 
et al., 2013 and refs there in). The M-form was recently named Anopheles coluzzii while 
the S form retained the nominotypical name A. gambiae (Coetzee et al., 2013). For 
simplification, the terms M and S will be used throughout the text when referring to A. 
coluzzii and A. gambiae, respectively. Species identification of the members of the A. 
gambiae complex was carried out by PCR-RFLP as described in Fanello et al., (2002). 
Parasite species identification was performed by nested-PCR (Snounou et al., 
1993).  Mosquitoes were classified as infected or non-infected if presence of P. 
falciparum DNA was detected by PCR. As mosquitoes were collected inside the bed 
net, in which the infected individual was sleeping and were all engorged, we assumed 
that those mosquitoes infected at day 8 post-blood meal were more susceptible to 
infection.  





Primers were designed based on the TG sequences from A. gambiae genome at 
Vector Base (AGAP009098; AGAP009100). Name, sequence of each pair of primers 
PCR condition and product length are summarized in Table S1 [Table S1, suppl. Mat]. 
Nested PCR reactions were performed in a MyCycler™ Thermal cycler (Biorad) with 
final reagent concentrations of 1× PCR reaction buffer (Promega), 1.5 mM of MgCl2, 
2μM dNTP’s, 0.3 μM of each primer and 1.25 U/μl of Taq DNA Polymerase (Promega) 
for all reactions.  
Amplified products were visualized under UV light in 2% ethidium bromide 
stained agarose gels after electrophoresis and products presenting the expected length 
were purified using SureClean Kit (Bioline) according to manufacturer’s 
recommendations. After purification, all samples were sequenced in both directions at 
Macrogen Inc. laboratories (The Netherlands). 
 
Data analysis 
All sequences were aligned using BioEdit Sequence Alignment Editor version 
7.1.3.0 (Hall, 1999). DnaSP version 5.10 (Librado & Rozas, 2009) was used to 
determine, for each group (i.e. infected/non-infected and M-form/S-form) the number of 
segregating sites (S) and nucleotide pairwise diversity (π). The genetic diversity (h) (Nei 
1987) was determined using the Arlequin software version 3.11 (Excoffier et al., 2005). 
To test deviations from neutrality, four tests were performed: Tajima’s D test 
(1989); Fu & Li’s D* and F* tests (1993) and the Ka/Ks ratio. Tajima’s D test compares 
the total number of mutations observed (η) and the average number of nucleotide 
differences between two sequences (πn), whereas Fu & Li’s D* and F* test compares 
the numbers of mutations in internal branches (ηi) and the numbers of mutations in 
external branches of the gene genealogy (ηe). Under neutrality, the estimators should be 
equal, so that Fu & Li’s D* and F* values should be approximately zero for a gene 
under neutrality. Finally, Ka/Ks ratio compares the number of non-synonymous (Ka) 





ratio should be equal to one; Ka/Ks ratios higher than one indicate positive selection, 
whereas ratios smaller than one indicate purifying selection.  
In addition, the Ka/Ks ratio was applied to the coding region of both genes using a 
codon by codon maximum likelihood approach implemented in DNAsp. This type of 
analysis would allow the identification within each gene, the regions under neutrality 
and the ones subjected to different types of selection.  
The sequence-based F statistic (Fst) calculated according to Hudson et al. (1992) 
was used as a pairwise genetic distance measure between groups. Statistical significance 
of Fst values was assessed by 1000 bootstrap replications. In order to estimate the total 
percentage of variance attributable to differences between molecular forms (M and S) 
and among infected and non-infect groups, an analysis of molecular variance 
(AMOVA) was performed (Excoffier et al., 1992). These analyses were performed in 
the Arlequin software version 3.11 (Excoffier et al., 2005). 
 
Protein diversity 
Amino acid sequences were obtained using the ExPASy Bioinformatics 
Resource Portal (http://web.expasy.org/translate/) and aligned with ClustalW program 
(Larkin et al., 2007). Each protein sequence was modelled using Swissmodel at 
http://swissmodel.expasy.org/workspace/index.php. Nonsynonymous mutations were 
visualized in each model using the Swiss-PdB viewer v. 4.0.1. (Arnold et al., 2006; 
Schwede et al., 2003; Guex & Peitsch, 1997), in order to identify possible structural 
alterations. Phylogenetic analysis was performed with the MEGA 5.1 software (Kumar 
et al., 2008), using a distance-based Neighbour-Joining, following the Jukes-Cantor 
method (Jukes & Cantor, 1969). Bootstrap values were calculated from 1000 replicates 
(Kumar et al., 2008).  
 
Results 
For the mosquito specimens collected in Equatorial Guinea was only possible to 
obtain four sequences: all from AgTG2 gene. Due to the unsuccessful amplification of 




these two genes; probably due to DNA degradation; a small number of sequences were 
obtained and therefore samples from Equatorial Guinea were removed from all 
analyses, as it was not possible to make comparisons with such a small number of 
samples. 
For Guinea-Bissau, a total of 46 TG sequences were obtained from 34 A. 
gambiae mosquitoes: 22 AgTG1 sequences from 13 infected (7 M-form and 6 S-form) 
and 9 non-infected mosquitoes (6 M-form and 3 S-form) and 24 AgTG2 sequences from 
13 infected (9 M-form and 4 S-form) and 11 non-infected mosquitoes (8 M-form and 3 
S-form). 
 
Polymorphism and diversity 
For the AgTG1 gene, a sequence of 3270 bp, which contains the entire coding 
region (2205bp), was amplified. For the AgTG2 gene, a sequence of 3143bp was 
obtained, but it did not include the entire coding region (only 2355bp of the 2515bp). 
For AgTG1, the nucleotide diversity in the coding region (0.007 – 0.023) was 
always lower than the one found for non-coding regions (0.008 – 0.087). Similar results 
were obtained for the AgTG2 gene, where the nucleotide diversity (0.007 – 0.033) found 
in the coding region was lower than in non-coding region (0.005 – 0.046) except in 
exons 1 and 2 (Table 1). The analysis of nucleotide diversity in the non-synonymous 
sites, revealed that these two genes are remarkably polymorphic, especially AgTG2. 
Both A. gambiae molecular forms presented similar values concerning the 
overall nucleotide diversity, with the M-form presenting lower values of π when 
compared to the S-form. However, when comparing infected and non-infected 
mosquitoes, the first group showed higher nucleotide diversity in both genes.  
AgTG1 and AgTG2 genes presented lower number of synonymous substitutions than 
non-synonymous substitutions (Table 1). Total number of polymorphic sites was similar 
between the two genes (141 for AgTG1 and 137 for AgTG2). Infected mosquitoes 
showed a lower number of polymorphic sites in both genes (AgTG1: 114 versus 121; 
AgTG2: 125 versus 129; infected versus non-infected respectively). The M-form 





Table 1 – Intraspecific polymorphism for A. gambiae AgTG1 and AgTG2 genes. 
Genes AgTG1 AgTG2 
   Ag_M-form Ag_S-form I NI Total Ag_M-form Ag_S-form I NI Total 
 N 13 9 13 9 22 17 7 13 11 24 
5’ 
L 599 564 
S 17 18 21 13 21 13 9 10 12 14 
П 0.009 0.011 0.012 0.008 0.010 0.007 0.006 0.005 0.008 0.007 
Exon 
1 
L 523 107 
S 
11 12 13 11 14 1 3 0 3 1  
1 0 1 0 1 5 8 5 9 7  
П 0.008 0.007 0.007 0.008 0.007 0.030 0.033 0.024 0.040 0.028 
Intron 
L 72 80 
S 12 9 9 12 14 2 2 2 2 2 
П 0.069 0.052 0.036 0.087 0.064 0.013 0.007 0.010 0.014 0.012 
Exon 
2 
L 384 555 
S 
1 6 1 6 6 5 4 4 4 5  
12 26 11 25 28 28 26 29 28 29  
П 0.012 0.023 0.010 0.025 0.017 0.022 0.022 0.020 0.023 0.021 
Intron 
L 63 72 
S 2 7 7 5 7 7 5 7 6 7 




П 0.010 0.035 0.025 0.022 0.022 0.032 0.034 0.038 0.028 0.033 
Exon 
3 
L 650 1493 
S 
1 4 3 4 4 9 8 8 7 9  
16 16 17 17 18 46 40 45 49 49  
П 0.007 0.012 0.008 0.012 0.009 0.013 0.014 0.013 0.014 0.013 
Intron 
L 57 73 
S 2 2 2 2 2 7 6 7 7 7 
П 0.012 0.008 0.010 0.011 0.010 0.041 0.045 0.042 0.046 0.042 
Exon 
4 
L 435 200 
S 
8 7 8 7 8 8 5 7 5 8  
1 0 1 1 1 0 0 0 0 0  
П 0.009 0.008 0.009 0.008 0.008 0.012 0.008 0.012 0.007 0.010 
Intron 
L 68 - 
S 2 3 3 3 3 - - - - - 
П 0.012 0.025 0.021 0.015 0.018 - - - - - 
Exon 
5 
L 213 - 
S 
8 7 8 8 8 - - - - -  
1 1 1 1 1 - - - - -  
П 0.017 0.015 0.016 0.018 0.017 - - - - - 





S 10 6 10 7 9 - - - - - 
П 0.018 0.013 0.017 0.012 0.014 - - - - - 
Total 
L 3270 3143 
S 104 122 114 121 141 132 113 125 129 137 
П 0.011 0.014 0.011 0.014 0.012 0.015 0.015 0.014 0.016 0.015 
Пs 0.020 0.024 0.019 0.025 0.022 0.009 0.010 0.008 0.010 0.009 
Пns 0.006 0.009 0.006 0.010 0.007 0.018 0.018 0.018 0.019 0.018 
h 0.012 0.014 0.012 0.014 0.012 0.016 0.016 0.015 0.016 0.015 
Ag_M-form – A. gambiae M-form; Ag_S-form – A. gambiae S-form; I – Infected mosquitoes; NI – Non-infected mosquitoes; L, Length; S, segregating sites n- total 
number of nonsynonymous changes; s – total number of synonymous changes; П, nucleotide diversity; Пs, average pairwise nucleotide diversity at synonymous sites; 
Пns, average pairwise nucleotide diversity at non-synonymous sites; h, genetic diversity. 




form (104 versus 122), whereas for AgTG2, the M-form showed a higher number of 
polymorphic sites (132 versus 113). 
Genetic diversity (h) estimates were similar either between forms (AgTG1: 0.012 
versus 0.014; AgTG2: 0.016 versus 0.016; M-form versus S-form respectively) or 
infected and non-infected mosquitoes (AgTG1: 0.012 versus 0.014; AgTG2: 0.015 
versus 0.016; infected versus non-infected respectively) (Table 1). 
 
Population differentiation and Phylogeny  
The Fst value was calculated for each gene of A. gambiae M- and S-form. Fst 
values ranged from 0 to 0.007 in AgTG1 gene and from 0 to 0.004 for AgTG2 gene, and 
all comparisons were non-significant [Table S2, suppl. Mat]. 
Through the analyses of the phylogenetic trees (Figure 1A and B), no clear 
separation was observed neither between the two forms of A. gambiae nor between 
infected and non-infected groups.  
Infected (with M- and S-forms) and non-infected group (with M- and S-forms) 
were compared through an AMOVA and no significant percentage of variation was 
found, either between the two groups analysed or within each group, for both genes 




































Figure 1: Phylogenetic trees for the complete DNA sequence of AgTG1 (A) and AgTG2 
(B) genes. 
NI – non-infected mosquitoes; I – infected mosquitoes; Sform - A. gambiae; S-form; 
Mform - A. gambiae M-form 
 95AgTG2 NI Mform
 97AgTG2 NI Sform
 123 AgTG2 NI Sform
 107AgTG2 NI Mform
 197AgTG2 I Mform
 119AgTG2 I Sform
 277AgTG2 I Sform
 167AgTG2 I Mform
 176AgTG2 I Mform
 124AgTG2 NI Mform
 218AgTG2 I Mform
 99AgTG2 NI Mform
 122AgTG2 NI Mform
 211AgTG2 I Sform
 168AgTG2 I Mform
 177AgTG2 I Mform
 163AgTG2 I Sform
 108AgTG2 NI Mform
 117AgTG2 I Mform
 88AgTG2 NI Mform
 274AgTG2 I Mform
 96AgTG2 NI Sform
 106AgTG2 NI Mform























 80AgTG1 NI Sform
 119AgTG1 I Sform
 163AgTG1 I Sform
 167AgTG1 I Mform
 176AgTG1 I Mform
 117AgTG1 I Mform
 177AgTG1 I Mform
 218AgTG1 I Mform
 274AgTG1 I Mform
 103AgTG1 NI Mform
 251AgTG1 I Mform
 106AgTG1 NI Mform
 89AgTG1 NI Sform
 113AgTG1 I Sform
 97AgTG1 NI Sform
 118AgTG1 I Sform
 211AgTG1 I Sform
 93AgTG1 NI Mform
 84AgTG1 NI Mform
 102AgTG1 NI Mform
 88AgTG1 NI Mform



























To test if the two genes were under the influence of selection and if Plasmodium 
may be acting as a driving force to TG genes evolution, firstly we analysed infected and 
non-infected mosquitoes regardless the molecular form, given that there was no 
significant inter-form differentiation in both AgTG1 and AgTG2 genes, and then M- and 
S-forms regardless the infection status of the mosquitoes. 
 
For the comparison between infected and non-infected mosquitoes, overall, 
Tajima’s D and Fu & Li D* and F* tests were non-significant suggesting no departures 
from neutrality in both genes (Table 2). However, when the totally of the AgTG2 gene 
was analysed, the Fu & Li’s D* and F* test gave a significant value above 0, which is 
indicative of balancing selection, but this may also be associated with population 
expansion (Barreiro & Quintana-Murci, 2010). 
To overcome this doubt, genes were also screened for non-
synonymous/synonymous substitution ratios (Ka/Ks), a test that is not sensitive to 
demographic events. Using this test evidence for positive selection was found for 
AgTG2 gene, whose ratio is higher than one but not for AgTG1 for which a Ka/Ks ratio 
lower than one suggests purifying selection (Table 2). 
When Ka/Ks ratios were calculated using a codon-by-codon approach, there 
were 17 codons with significant Ka/Ks>1 in AgTG1 and 50 codons with Ka/Ks>1 in 
AgTG2, suggesting that particular regions at each gene may be under the effect of 
positive selection (Figure 2A and B). 
 
When the comparisons were made between M- and S-forms, once again the 
Tajima’s D and Fu & Li D* and F* tests were non-significant suggesting no departures 
from neutrality in both genes (Table 2). However it is important to highlight that in both 
genes, the M-form presented positive values of Tajima’s D and Fu & Li D* and F*, 
which is indicative of balancing selection and the S-form always presented negative 





The analysis of the ratio Ka/Ks showed evidences for positive selection for 
AgTG2 gene but not for AgTG1 (Table 2). 
 
Table 2: Neutrality tests for the two transglutaminases genes AgTG1 and AgTG2 in 
Infected mosquitoes, Non-Infected mosquitoes, A. gambiae M-form and A. gambiae S-
form. 
NS – non significant; * P‹0.05; ** 0.10 ‹ P ‹ 0.05. 
 
When Ka/Ks ratios were calculated using a codon-by-codon approach, there 
were 11 codons with significant Ka/Ks>1 in AgTG1 and 41 codons with Ka/Ks>1 in 
AgTG2, suggesting that particular regions at each gene may be under the effect of 
positive selection (Figure 2C and D). 
Genes Groups 






Infected -0.14 NS 0.25 NS -0.41 NS 
0.333 
Non-Infected -0.04 NS -0.01 NS 0.08 NS 
A. gambiae M-
form 




-0.01NS -0.04NS -0.10 NS 
Total -0.001 NS -0.08 NS -0.22 NS - 
AgTG2 
Infected 0.46NS 0.47 NS 0.28 NS 
1.402 
Non-Infected 0.77NS 0.81 NS 0.52 NS 
A. gambiae M-
form 




-0.02NS -0.04NS -0.10NS 
Total 1.44* 1.48** 0.86 NS - 




















Figure 2: Values of Ka/Ks ratio for the coding region of: 
A- AgTG1 gene – comparison between infected and non-infected mosquitoes 
B- AgTG2 gene – comparison between infected and non-infected mosquitoes 
C- AgTG1 gene – comparison between M- and S- forms 
D- AgTG2 gene – comparison between M- and S- forms 
 
The nucleotide sequence is numbered from the first base position at the 5’ end. Amino acids are 
numbered from the initiating start codon methionine (M). The transglutaminase signatures N- 
and C- terminal and core are within orange (V22-L156 for AgTG1 gene and E34-E176 for 
AgTG2 gene), blue (R521-Q620, P628-P725 for AgTG1 gene and V541-Q647, P655-E752 
for AgTG2 gene) and green (P300-395 for AgTG1 gene and P319-P411 for AgTG2 gene) 
boxes, respectively. The catalytic triads are shown in red (C306, H365 and D392 for AgTG1 
gene and C325, H384 and D408 for AgTG2 gene). Amino acids residues potentially involved 
in calcium binding are shown in light green (N432, H434, E482 and E487 for AgTG1 gene and 































































































Protein analysis  
For AgTG1 protein, 12 different variants were found in 22 sequences analysed. 
The two most common variants (AgTG1-H1 and AgTG1-H2) were shared between the 
infected and non-infected groups, whereas AgTG1-H3 variant was only present in the 



















Figure 3: Distribution of the different variants of the AgTG1 (A) and AgTG2 (B) 































Higher diversity was observed for AgTG2, with the majority of sequences 
analysed corresponding to unique variants: 19 different variants in 24 samples analysed. 
Three variants occurred in more than one mosquito sample: AgTG2-H1 is 
predominantly present in non-infected mosquitoes; AgTG2-H2 is present only in 
infected mosquitoes and AgTG2-H3 is shared by the two groups (Figure 3). 
 
The best fitting 3D model for the AgTG1 protein was based on recombinant 
human cellular coagulation factor XIII (1f13A) and for AgTG2 was based on the crystal 
structure of the red sea bream TG (1g0dA). 
Non-synonymous substitutions under selection (Ka/Ks ratio) appear not to be 
homogeneously distributed along the protein domains. In both proteins, the amino acid 
substitutions were mainly present at the periphery. No substitutions were found neither 
in the catalytic centre nor in the binding calcium domains (Figures 4 A and B).  
Most of the substitutions in AgTG1 are distributed equally among groups but the 
substitution of a tyrosine for a phenylalanine at position 684 is more frequent in the 
infected group. 
Regarding AgTG2, amino acid substitutions do not coincide in the infected and 
non-infected group, each occurring predominantly or in one group or another. For 
example, the asparagine in the position 493 (near a calcium binding domain), is only 
present in the non-infected group and the valine in the position 559 is only present in 


























Figure 4: Structural model of AgTG1 protein (A) and AgTG2 protein (B). Three-
dimensional (3D) structural localization of mutated amino acids represented in solid 
structures in blue, white and red. 




The estimates of nucleotide diversity for the two genes analysed are in 
agreement with other studies that analysed immune related genes in A. gambiae 
(Morlais et al., 2004; Simard et al., 2007; Cohuet et al., 2008; Mendes et al., 2010) as 





















When the levels of nucleotide diversity in the nonsynonymous sites were 
analysed, AgTG2 gene is highly polymorphic when compared with other A. gambiae 
genes, including those related to immune function (Obbard et al., 2007; Simard et al., 
2007; Slotman et al., 2007; Parmakelis et al., 2008; Lehman et al., 2009; Obbard et al., 
2009). These values exceed the A. gambiae genome average diversity by 10-fold but are 
in concordance with data obtained for other genes evolving under positive selection, 
like TEP1 and APL1, revealing evidence of host-pathogen co-evolutionary dynamics 
(Obbard et al., 2008; Rottschaefer et al., 2011). Although the AgTGs are not immunity 
proteins, they are involved in coagulation and wound healing, mechanisms associated to 
immune responses (Wang et al., 2010; Shibata et al., 2013). Given this association 
between AgTG1 and AgTG2 and the immune system of A. gambiae, it is not surprising 
that as in other organisms, such as Drosophila, primates and plants, immune related 
genes tend to evolve adaptively and more rapidly than other genes in the genome 
(Clark et al. 2003; Schlenke & Begun 2003; Nielsen et al. 2005; Tiffin & Moeller 
2006; Sackton et al. 2007; Obbard et al., 2008; Rottschaefer et al., 2011; Crawford et 
al., 2012). Higher diversity in immune-related genes can arise and be maintained over 
evolutionary time as a consequence of natural selective pressures to combat against a 
wide variety of pathogens. 
Comparing the two molecular forms of A. gambiae, the values of nucleotide 
diversity found for the M-form of A. gambiae were lower than those found for the S-
form, a fact, already observed for other genes (Cohuet et al., 2008). Even so, we found 
no significant differences using Fst estimates and the phylogenetic analysis, showing 
that the M- and S- forms do not present significant genetic differentiation in this 
sampling location. The degree of isolation between M- and S- forms, is not homogenous 
throughout the species distribution range. While Crawford et al. (2012) and Wondji et 
al. (2002) showed that M- and S- forms presented differences in haplotypic and 
nucleotide diversity, suggesting that molecular forms of A. gambiae have reached high 
levels of genetic differentiation, high frequencies of M/S hybrids and very low levels of 
genetic differentiation between forms have been previously described in Guinea-Bissau 
(Oliveira et al., 2008). Additionally, the genes studied in this work are localized in the 
chromosome 3R (Rogers et al., 2009) explain why the differentiation between the two 





regions of their genome - chromosomes X, 2L and 2R - called the genomic islands of 
speciation in A. gambiae (Turner et al., 2005) and more recently high diversity between 
M and S forms Mali was identified, adjacent to the centromeric region of chromosome 
3L (White et al., 2010). 
 
Both infected/non-infected mosquitoes and M- and S-form showed Ka/Ks ratio 
discordant for AgTG1 and AgTG2, being higher than one for the AgTG2 gene and lower 
than one for AgTG1 gene. A ratio higher than one indicates positive selection (Ford, 
2002) but the use of this ratio to detect positive selection is often not effective, because 
adaptive evolution most likely occurs at a few time points and at most times has an 
effect on only a few amino acids (Shen et al., 2012). In fact, when a codon-by-codon 
approach was used, some sites of AgTG1 also presented Ka/Ks values higher than one, 
suggesting that some regions of this gene are under positive selection. Although not yet 
functionally characterized, Silveira et al. (2012) showed that AgTG2 plays a role in 
containing Plasmodium infection. In this study, the authors show that there is an 
increase in both infection rate and intensity when mosquitoes are treated either with a 
TG inhibitor or with specific dsRNA and thus associating TG activity to protection 
against Plasmodium. Nsango et al. (2013) also found evidences of AgTG2 involvement 
of P. falciparum killing in A. gambiae.  
Positive selection was observed both associated to Plasmodium infection and 
molecular forms, suggesting that evolutionary pressure was not directly imposed by 
Plasmodium. Genes, such as AgTG2 (Silveira et al., 2012), identified experimentally by 
gene-silencing to play a role in Plasmodium infection control might also be regulated by 
other microorganisms. The high levels of diversity found could be explained by the 
mosquito need to interact with a wide variety of pathogens, which corroborates by 
protein’s 3D models, showing the majority of substitutions at periphery. 
 
The comparison between several TG proteins sequences from different 
organisms can help to understand the evolution of TGs in different organisms and might 
help to infer the mosquito TG function. Lorand & Graham, (2003) draw a phylogenetic 




analysis of papain-like TGs, and despite the high degree of sequence similarity between 
all of them, it was possible to distinguish at least to main branches: one that includes the 
genes for TG1, fXIIIA, invertebrates TGs and TG4; and other that includes genes for 
erythrocyte band 4.2, TG2, TG3, TG5, TG6 and TG7 (Lorand & Graham, 2003). In 
Drosophila sp., a single gene encodes for TG, and it is known that this enzyme is 
associated with the clot formation, which is an important effector of early innate 
immunity, preventing septic infections (Wang et al., 2010). The present study suggests 
AgTG1 and AgTG2 involvement in immune defence, as observed in Drosophila, A. 
gambiae and A. stephensi (Wang et al., 2010, Silveira et al., 2012). 
 
In summary, data presented in this study did not indicate a clear differentiation 
for the two genes studied either between forms, or between infected and non-infected 
mosquitoes. Nevertheless, results strongly suggest that AgTG1 and AgTG2 have 
undergone adaptive evolution. The 3D model of the proteins showed that most sites 
under positive selection were found in the coding region of both genes; the majority of 
the substitutions are localized in the periphery where is more likely to interact with 
other molecules and therefore accumulate more variations. Finally, none of the 
mutations found, were located in critical sites for the protein function, as catalytic triads 
or in the amino acids residues potentially involved in calcium binding.  
 
Although AgTG1 and AgTG2 exact function is not known, several studies in 
other organisms demonstrated that TGs are involved in a variety of immune responses: 
in Drosophila and in humans, TG accumulates on the surface of the microorganism, 
capturing it within the clot (Wang et al., 2010); the human coagulation factor XII 
mediates bacterial immobilization and killing inside the clot (Loof et al., 2011) and 
finally, the shrimp TG regulates immune-related genes, such as those that encode 
antimicrobial peptides (Fagutao et al., 2012). Also, Silveira et al. (2012) associated 
AgTG2 to an increased resistance against Plasmodium infection. Present results point 
out to positive selection as the driven force of TGs evolution. Altogether, we 
hypothesize that these genes may play a role in pathogen recognition, being involved in 
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Additional file 1-table S1 
Additional file 1 – Table S1 – Sequences and annealing temperatures of primers used to 
amplify the AgTG1 and AgTG2 genes of A. gambiae. 






























































































CMTGM98-Z- R AATGGCCGATAAAACAGGTG 











Additional file 2-table S2 
Additional file 2 – Table S2 – Matrix of pairwise comparisons of Fst for the two 
populations and for the two groups of infection studied. 
 
  Non-infected Infected A. gambiae_M A. gambiae_S 
AgTG1 
Non-infected -    
Infected 0.007 NS -   
A. gambiae_M -0.049 NS -0.026 NS -  
A. gambiae_S -0.031 NS -0.048 NS 0.005 NS - 
AgTG2 
Non-infected -    
Infected 0.003 NS -   
A. gambiae_M -0.045 NS -0.037 NS -  
A. gambiae_S -0.032 NS -0.044 NS 0.004 NS - 














Additional file 3-table S3 
Additional file3 – Table S3– Hierarchical analysis of molecular variance (AMOVA) 
among the infected and non-infected groups. 
 
Source of variation 
Hierarchical AMOVA for infected and non-
infected groups 
AgTG1 AgTG2 
Among groups -0.35 -4.37 
Among populations within groups 5.77 0.40 




NS -0.040 NS 
Fct (group/total) -0.004
NS -0.043 NS 


















Additional file 4-table S4 
Additional file4 – Table S4– Hierarchical analysis of molecular variance (AMOVA) 
among the A. gambiae S-form and A. gambiae M-form groups. 
 
 
Source of variation 
Hierarchical AMOVA for A. gambiae S-form 
and A. gambiae M-form 
AgTG1 AgTG2 
Among groups -2.00 0.15 
Among populations within groups 6.89 0.99 
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5. General discussion and 
conclusions 
Despite of decades of research and efforts in its combat, malaria continues to be 
one of the major public health problems worldwide, affecting all tropical and 
subtropical areas of the planet, as some African countries like Equatorial Guinea, 
Angola and Guinea Bissau, where the disease is one of the main causes of child 
mortality and morbidity.  
The main objectives of this thesis were to analyse the complex malaria system 
under a comprehensive approach. We studied the diversity of Plasmodium populations 
circulating in both mosquito vector and human host in the same area at the household 
level. Further, we investigated the selective signatures, origin and spread of antimalarial 
resistance associated mutations in the Plasmodium genome as well as genetic diversity 
patterns of selection and evolution of mosquito immune related genes and its possible 
relationship with infection. 
Ultimately, present study also contributed to update the knowledge about the 
malaria epidemiology in mainland Equatorial Guinea. This area characterization may 
lead to the improvement of malaria control programs. This study provided crucial data 
for the correct management of malaria cases in the area, and in particular, provided 
precise information on the population structure of Plasmodium parasites, with special 
relevance on the selection and dispersal of drug resistance genes, which is of utmost 
importance in designing and implementing therapeutic policies at a national basis. 
 
The first aim of this study was the characterization of the circulating populations 
of Plasmodium spp., in Equatorial Guinea, through a combined set of human peripheral 
blood and mosquito samples collected in both coastal and inland villages. The collected 
data was of major importance, because there was no prior information about malaria 
transmission and prevalence of Plasmodium species in the mainland, although much of 





In the mainland, the detection and identification of Plasmodium was made both 
in humans and mosquito vectors and results showed a higher prevalence of Plasmodium 
infection than was expected when comparing with the results obtained for the island 
(87% versus 32%) (Kleinschmidt et al., 2007). However, those differences are justified 
considering that most of malaria control activities have been carried out in the island of 
Bioko where the capital Malabo is located. These differences are a great example of 
how control efforts have a tangible impact on malaria transmission. In the insular region 
of the Equatorial Guinea after the implementation of the BIMCP, the prevalence of 
infection was reduced from 42% pre-intervention to 18% in 2008 (Pardo et al., 2006; 
Kleinschmidt et al., 2009); in Angola, and according to the last report of the President’s 
Malaria Initiative (2013), the prevalence of malaria has dropped 50% over the last five 
years as a result of control efforts.  
The data obtained in this study highlight the necessity of the implementation of 
control measures such as, vector control (e.g. chemical spraying) and personal 
protection/prevention strategies (e.g. ITNs, the use of effective anti-malarial drugs –
presently ACT is recommend, in this case oral AS with AQ), in the mainland.  
 
The characterization of the circulating populations of Plasmodium spp., in the 
set of human peripheral blood and mosquito samples showed the presence of four 
species, being P. falciparum the most prevalent, occurring in 90% of the isolates (both 
humans and mosquitoes). Knowing that the study of genetic diversity in natural 
populations of Plasmodium is essential from an epidemiological point of view, since 
ecological interactions between parasite populations in the same host may be an 
important source of selection on drug resistance genes for example, the P. falciparum 
diversity was analysed using an antigen coding gene - Pfmsp2 - as well as a set of 
neutral STR loci. 
High levels of genetic diversity were found, when P. falciparum diversity were 
analysed in both hosts, which is indicative of high levels of malaria endemicity in 
mainland Equatorial Guinea; and similar population genetic structure of parasites both 
in humans and mosquitoes, which is concordant with other studies in African malaria 
highly endemic countries (Babiker et al., 1995; Anderson et al., 2000).  
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When comparison of parasite genetic diversity was made between the two hosts, 
between the two locations and between the two seasons, no significant genetic 
differentiation was found, which may indicate consistency in the parasite populations 
that are being transmitted, and may indicate that despite the ~60Km that separate 
Ngonamanga from Miyobo, there are no evidences for the existence of barriers to gene 
flow, parasite migration, and other possible influences on population structure. 
These results are of major importance, since levels of diversity are an indication 
of the fitness of the parasite population and thus how difficult it could be to target it 
with drugs or vaccines. 
 
Another important result was the finding of both humans and mosquitoes 
infected with P. vivax. This was an unexpected result, mainly because this parasite is 
virtually absent in West and Central Africa, due to the high prevalence of Duffy 
negative individuals [Fy(a-b-)], described as being resistant to the infection by this 
parasite (Miller et al., 1975; Langhi & Bordin 2006). To increase the strength of the 
study, samples from Angola (another country where the presence of P. vivax is 
extremely low and the prevalence of Duffy negative individuals is very high) were 
included in the present investigation.  
In both countries, Duffy negative people were found to be infected with P. vivax. 
Similar results have been previously found in other countries, like Kenya - East Africa 
(Ryan et al., 2006), Amazon region in Brazil (Cavasini et al., 2007a; Cavasini et al., 
2007b) and, more recently, in Madagascar (Ménard et al., 2010), but those are areas 
where the prevalences of Duffy positive are significantly high.  
The presence and/or absence of P. vivax in Africa is not a consensus theme. In 
fact several authors raise questions about the emergence of the Duffy negative allele in 
Africa, when is believed that P. vivax has had his origin in Asia (Liu et al., 2014) or 
why several reports of persons infected with P. vivax returning from areas with high 
prevalences of Duffy negative are frequently arising (Poirriez et al., 1991; Gautret et al., 
2001; Muhlberger et al., 2004) suggesting the existence of active transmission of this 
species. 
This study demonstrated the existence of active transmission of P. vivax in 




Seems to be unquestionable that this specie is evolving and is able to use other receptors 
than Duffy to invade the erythrocytes and this capacity is not exclusive for one strain of 
P. vivax, since in this study we were able to found samples infected with both P. vivax 
VK247 and P. vivax VK210 (also called P. vivax classic) (Mendes et al., 2011), but is 
this the only explanation for existence of this Plasmodium specie in areas where the 
prevalence of Duffy negatives is near 100%? 
Some authors suggest that the small prevalence of Duffy positive individuals 
(~1%-5%) might be enough to maintain the transmission of P. vivax (Culleton et al., 
2008); others point to a possible existence of a zoonotic reservoir of this parasite 
(Culleton & Carter, 2012; Prugnolle et al., 2013). Prugnolle and collaborators (2013), 
showed, through the analysis of complete mitochondrial genome, that despite P. vivax 
sequences from parasites of great apes forms a genetically distinct clade from parasites 
that circulates in humans, the parasites from the great apes clade can be infectious to 
humans. Other studies (Kaiser et al., 2010; Kreif et al., 2010; Liu et al., 2010) also 
proved that parasites very closed related to P. vivax of humans are very prevalent in 
non-human hosts in central West Africa. 
These findings may help to explain the presence of this parasite in areas with 
high prevalences of Duffy negative individuals, but do not diminish the results found in 
this study where it is shown that this parasite is evolving, being able to infect Duffy 
negative people and it seems perfectly adapted to new environments being found in 
areas where it was not previously described, like Congo (Gautret et al., 2001), São 
Tomé and Principe (Snounou et al., 1998; Gautret et al., 2001), Gabon (Poirriez et al., 
1991; Gautret et al., 2001) and Cameroon (Gautret et al., 2001).  
In conclusion, this work helped to reinforce the idea that P. vivax might become 
a very serious public health problem in West and Central Africa, once it is capable of 
causing more severe forms of the disease including death (Genton et al., 2008; 
Rogerson & Carter, 2008; Tjitra et al., 2008; Kochar et al., 2009; Alexandre et al., 
2010). It is important that these new findings are taken into account when setting new 
control measures and implementation of prophylactic or therapeutic regimens. 
 
The parasite resistance status to antimalarial drugs is always a crucial point 
because it still is the main caveat to malaria control, mostly in countries like Equatorial 
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Guinea, where available data is scarce. To try to compensate this poor knowledge about 
parasite resistance to drugs, four antimalarial resistance associated genes - Pfcrt, 
Pfmdr1, Pfdhfr and Pfdhps - were also studied. Additionally, to trace the origin and 
progression of antimalarial resistance in this country, six STRs flanking Pfdhfr and 
Pfdhps genes were also analysed.  
Despite the CQ no longer be administered within the national therapeutic 
guidelines, the prevalence of the main point mutations associated with resistance to this 
drug (75E and 76T of Pfcrt gene and 86Y of Pfmdr1 gene) remains very high, reaching 
63%. With the absence of drug pressure would be expected that the prevalence of 
mutations associated with resistance to this drug would decrease, as reported in other 
countries (Kublin et al., 2003; Wang et al., 2005; Mwai et al., 2009; Fançony et al., 
2012), however, a recent study conducted in Equatorial Guinea (Amor et al., 2012) 
found higher prevalence of mutation 76T of Pfcrt gene and 1246Y of Pfmdr1gene, than 
those found in this study. This increment might be a result of selective pressure by 
AS/AQ combination, since AQ is a close Mannich base analogue of CQ, promoting the 
maintenance of CQ-resistant isolates with the mutant Pfcrt and Pfmdr1 genotypes. On 
the other hand, other possibility is the continuous use of CQ despite the national 
therapeutic guidelines (Plowe et al., 1995). 
Regarding SP resistance, it is known that the continuous use of this drug leads to 
a rapidly increase of the resistance levels. In Equatorial Guinea this drug has been used 
for many years as a second therapeutic line and even today it is used in preventive 
chemotherapy in pregnancy. Therefore, it is not surprising the high frequencies found: 
approximately 70%, for the SP combination. 
In fact, the PYR resistance seems to be well established in mainland Equatorial 
Guinea with nearly 80% of the parasite populations presenting the triple mutant 
N51I/C59R/S108N in the Pfdhfr gene. On the other hand, for SFX resistance, a high 
prevalence of the mutation A437G in Pfdhps was detected; however the mutation 
K540E was practically non-existent, as expected for countries from West Africa (Pearce 
et al., 2009). Despite the results described above, no samples were found containing the 
quintuple mutant, associated with SP clinical failure (Kublin et al., 2002; Talisuna et al., 




medicine for which data on efficacy and safety for IPT is available from controlled 
clinical trials (WHO, 2013). 
 
Data on evolutionary origin and rate of spread of drug resistance-conferring 
mutations have important implications for drug policies implementation, and the 
analysis of flanking genetic markers can importantly contribute to this knowledge. 
Flanking STRs of the genes Pfdhfr and Pfdhps were analysed. It was expected 
that the extensive use of SP would lead to a rapid increase of the resistance levels, as 
seen in other countries like Cameroon (Tahar & Basco, 2006), Gabon (Aubouy et al., 
2003) and São Tomé and Principe (Salgueiro et al., 2010); leaving signatures of drug 
selective pressure. In fact, in the loci flanking Pfdhfr gene, a reduction in heterozigosity 
(He) was observed suggesting that this gene has undergone strong selection in 
Equatorial Guinea. This result together with a higher mean of He around double mutant 
than around the triple mutant are  in accordance with a model of positive directional 
selection. For the loci flanking Pfdhps gene, the remarkably high values of He suggests 
the presence of multiple lineages occurring within individual populations, and 
significant LD values were found. These results might be suggestive of soft selective 
sweep, where multiple lineages are superimposed within a single population causing 
higher He values than in populations where a single lineage is present (Nair et al., 
2007).  
The results obtained for the loci flanking Pfdhfr gene showed that in 
Ngonamanga the majority of the haplotypes found were associated with the triple 
mutants, while in Miyobo the majority was associated with double mutants. This 
suggests that PYR resistance was firstly established in Ngonamanga, probably due to 
their “proximity” to the Malabo (the capital of the country), where the introduction of 
the drug may have started, and later in Miyobo, a more isolated area. Similar results 
were obtained for the loci flanking Pfdhps gene, which indicate that the resistance to 
SFX have also been established earlier in Ngonamanga, where the prevalence of triple 
mutants is higher than in Miyobo. 
In conclusion, it was possible to confirm that CQ should no longer be 
recommended for malaria treatment in Equatorial Guinea, since high frequency of 
mutations associated with the resistance to this drug were observed. On the other hand, 
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and despite the high frequency found for some mutations associated with the decrease in 
the efficacy of SP, namely the triple mutant A436/G437/G581, this drug remains in use 
in combination with AS and it is the only drug recommended for intermittent preventive 
therapy in pregnancy (Kleinschmidt et al., 2006). Considering these results, it is 
recommended a close and continuous monitoring of point mutations frequency in the 
two genes associated with SP resistance, Pfdhfr and Pfdhps, since there is the danger of 
an eventual reduction in the efficacy of SP combined therapy. 
 
Finally, this study also addressed the study of mosquito immune response to 
Plasmodium infection. In fact this issue has become relevant in the last years since its 
manipulation could be used to break transmission. Currently it is known that mosquitoes 
respond differently according to their genetic background and infectious Plasmodium 
species, but the major information was gathered through malaria experimental models 
and data on naturally infected mosquitoes is still scarce. On an attempt to overcome 
this, this work relied on well characterized subpopulations of infected/non infected 
mosquitoes from Guinea-Bissau (already available in our laboratory from previous 
studies). It is important to explain that mosquitoes from Equatorial Guinea were not 
used in this part of the work due to limitations in the number of successfully amplified 
sequences. 
 
In this work two immune related genes – AgTG1 and AgTG2 – were analysed to 
try to established their patterns of evolution and determine if the Plasmodium exerted 
some kind of selection pressure on them. 
Results showed that these genes presented high levels of nucleotide diversity 
which is in agreement with other studies that analysed other immune related genes in A. 
gambiae (Morlais et al., 2004; Simard et al., 2007; Cohuet et al., 2008; Mendes et al., 
2010). When the comparison between the M- and S- forms of A. gambiae mosquitoes 
was made, no significant differences were found, suggesting that these two forms do not 
present significant genetic differentiation in these genes, in this sampling location. 
Despite other studies, like the ones developed by Crawford and collaborators (2012) and 
by Wondji and collaborators (2002), who found that molecular forms of A. gambiae 




Bissau, reported high frequencies of M/S hybrids and very low levels of genetic 
differentiation between forms suggesting that the degree of isolation between M- and S- 
forms, is not homogenous throughout the species distribution range (Oliveira et al., 
2008). 
The AgTG2 gene presented remarkable high levels of nucleotide diversity in the 
nonsynonymous sites. These values despite of being 10x higher than the A. gambiae 
genome average diversity, are in concordance with other studies that show genes 
evolving under positive selection, revealing evidence of host-pathogen co-evolutionary 
dynamics (Obbard et al., 2008; Rottschaefer et al., 2011). These results were 
corroborated with Ka/Ks ratio that presented values higher than one, indicating that this 
gene is under positive selection (Ford, 2002). For the AgTG1, a codon by codon 
approach was used, and some regions of this gene presented Ka/Ks values higher than 
one in some points of the gene, which suggests that some regions of this gene are also 
under positive selection.  
When proteins encoded by these genes were analysed, high levels of diversity 
were found. This might be due to the need of the mosquito vector to recognize a wide 
variety of pathogens, and in fact, when 3D models were developed, it was clear that the 
substitutions were concentrated at the periphery which agrees with this hypothesis.  
In conclusion, the data presented in this study strongly suggest that AgTG1 and 
AgTG2 have undergone adaptive evolution, with some regions of the genes under 
positive selection. Understanding the biological mechanisms underlying this positive 
selection is beyond of the objectives of work, and although the exact function of the two 
TGs in regarding infection is not clear, it is possible that AgTG1 and AgTG2 have 
slightly differences in their functions. Although AgTG2 shows stronger signs of positive 
selection when compared with AgTG1, both genes seems to play a role in the 
recognition of pathogens, being also involved in the immune response triggered by the 
mosquito. More studies about these proteins are needed, to know their exact 
involvement in the defence against Plasmodium and/or other microorganisms. 
 
This study, through the analysis of all entities involved in the malaria 
transmission, is a good way to quickly find new strategies to control it. In fact, one of 
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the main caveats to the malaria control is the resistance developed by both parasites and 
mosquito vectors to antimalarial drugs and insecticides, respectively.  
The present work contributed to a better description about: malaria transmission, 
parasite resistance to anti-malarial drugs, evolutionary origin and rate of spread of drug 
resistance of SP in the mainland of Equatorial Guinea and mosquito immune response 
to Plasmodium infection. Thus, the gained knowledge with this work will certainly be 
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